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ABSTRACT 
 The purpose of this dissertation was to examine voice and vocal motor control in 
school-age children (5 – 12 years of age) with vocal fold nodules (CwVN) and children 
with typical voices (CwTV). This work is divided into three chapters, the first two 
examining CwTV and CwVN and the third providing a comprehensive examination of 
vocal motor control in adults and children without voice disorder. Study one analyzed 
relative fundamental frequency (RFF), an acoustic measure of fo change during vowels 
before and after a voiceless consonant. Average RFF values for offset cycle 10 and onset 
cycle 1 did not differ between CwVN and CwTV; however, variability of offset cycle 10 
was decreased in CwVN. Across both groups, male children had lower offset cycle 10 
RFF values as compared to female children. Additionally, onset cycle 1 values were 
decreased in younger children as compared to older children. Study two examined 
auditory discrimination to changes in vocal fo in CwVN and CwTV. There were no 
differences in pitch discrimination abilities between CwVN and CwTV. Younger CwTV 
had significantly poorer discrimination than older CwTV and adults. However, some 
CwTV across all ages examined were able to achieve adult-like discrimination abilities, 
 
 vii 
suggesting that these abilities are mitigated by more than solely age in children. Study 
three evaluated the relationships among vocal pitch discrimination, feedback control, and 
sensorimotor adaptation in vocally healthy children and adults. Prior to analysis, children 
were subdivided into two groups based on their auditory discrimination abilities, defined 
as either being adult-like or immature. Children with immature auditory pitch 
discrimination had significantly larger vocal responses to unexpected pitch-shifts and 






  This dissertation was written to explore vocal motor control in school-age 
children with and without vocal fold nodules. The first chapter provides background on 
the structural and functional changes that occur in childhood, voice disorders in children, 
and models of vocal motor control. The second, third, and fourth chapters are intended to 
be self-contained manuscripts that will be submitted for publication; therefore, in this 
construction, there is some overlap between these chapters and the first chapter. The fifth 
chapter provides a summary and synthesis of the results of chapters two through four. 
The appendix contains a manuscript detailing the pitch-shifting equipment and 
procedures. 
Chapter two: Heller Murray, E., Segina, R., Harvey Woodnorth, G., Stepp, C. Relative 
Fundamental Frequency in Children with and without Vocal Fold Nodules 
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Discrimination, Feedback Control, and Sensorimotor Adaptation 
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Chapter 1. Introduction 
1.1 The developing larynx 
 Structure 
The larynges of children are different in size, shape, and microstructure as 
compared to the larynges of adults. Laryngeal size and the cross-sectional area of the 
glottis (i.e., the space between the vocal folds) increases with the overall growth of the 
body that occurs during development (Dalal et al., 2009; Kahane, 1982). The female 
child’s larynx is closer in size and weight to an adult female larynx, whereas the male 
larynx undergoes larger size and weight changes from childhood to adulthood (Kahane, 
1982). Measures of the vocal tract above the level of the larynx indicate a similar 
increased growth, with a linear increase in vocal tract length in relation to a child’s height 
(Fitch & Giedd, 1999; Vorperian et al., 2005). This linear trend continues in females 
through puberty and into adulthood, whereas males have an increased lengthening of the 
vocal tract during puberty (often called “laryngeal descent”) which then continues with a 
linear increase with height in adulthood (Fitch & Giedd, 1999). 
The vocal folds also go through changes in size and structure during maturation. 
Children’s vocal folds are shorter in length than adults, with vocal fold length increasing 
during maturation with overall growth and development (Hirano, Kurita, & Nakashima, 
1983; Rogers, Setlur, Raol, Maurer, & Hartnick, 2014), reaching adult-like length around 
puberty (Kahane, 1978). Male and female children have similar vocal fold lengths under 
the age of 10 years; over the age of 15, males have longer vocal folds than females 




of the vocal fold layers also changes throughout development. The mature adult vocal 
folds, from the outer to the innermost layers, consists of the epithelium, a three-layered 
lamina propria (superior, intermediate, deep), and the vocalis muscle (Hirano et al., 
1983), yet this mature structure is not present at birth. In infancy, the lamina propria is a 
single layer (Hirano et al., 1983; Sato, Hirano, & Nakashima, 2001), with similar 
microstructural properties to the adult superficial lamina propria (Hirano et al., 1983). 
The vocal ligament (i.e., the intermediate and deep layers of the lamina propria) begins to 
develop between one to four years of age (Hirano et al., 1983; Sato et al., 2001). The 
three-layered structure of the vocal folds begins to emerge around 7 years of age 
(Hartnick, Rehbar, & Prasad, 2005), with a fully differentiated structure apparent 
between 12 – 17 years of age (Hartnick et al., 2005; Hirano et al., 1983). This 
differentiation is thought to partially be in response to phonation (Smith & Gray, 2002); 
repeated mechanical forces on the vocal folds from phonation facilitate the development 
of elastin fibers in the intermediate structures and collagen fibers in the deep structures of 
the lamina propria (Hirano et al., 1983; Titze & Martin, 1998). Elastin is a flexible 
protein that allows for elongation and stretching of the vocal folds (Hammond, Gray, 
Butler, Zhou, & Hammond, 1998; Hirano et al., 1983), whereas collagen has a protein 
structure that has less elasticity and increased tensile strength and stability (Hammond, 
Gray, & Butler, 2000; Hirano et al., 1983). The density of both elastin and collagen fibers 
are reduced in infants as compared to adults (Hammond et al., 1998; Hammond et al., 
2000; Hirano et al., 1983).  




vocal folds has shown contrasting evidence for potential changes throughout 
development. The membranous portions of the vocal folds contain the three-layered 
lamina propria and allow the vocal folds to vibrate, spanning from the arytenoids to the 
anterior commissure. The cartilaginous portion are located in the posterior portion of the 
vocal folds, and is more stable and rigid than the membranous. Based on data from 
cadaver larynges, the ratio of membranous to cartilaginous portions of the vocal folds is 
approximately equal in infancy (Hirano et al., 1983). During adolescence, this ratio 
changes as the membranous portion becomes longer than the cartilaginous portion 
(Hirano et al., 1983). This has been attributed, in part, to the differing needs of the 
developing body and how that relates to these two structures. Specifically, the 
membranous portion of the vocal folds allows for range and flexibility during vocal fold 
vibration (i.e., voicing). However, this flexible membranous portion is more susceptible 
to edema, whereas the cartilaginous portion is stiffer and less pliant. Thus, in the infant 
system, in which airway protection is prioritized over dynamic voicing capabilities, a 
larger cartilaginous portion of the vocal folds is advantageous as it is not susceptible to 
edema (Hirano et al., 1983). 
Examination of sedated patients under direct laryngoscopy suggests different 
developmental trends than examination of cadaver larynges. Estimates of membranous to 
cartilaginous portions of the vocal folds are approximately equal in infants (Rogers et al., 
2014), Yet, unlike cadaver larynges examinations (Hirano et al., 1983), the ratio of the 
membranous to the cartilaginous portions of the vocal folds did not change with age 




both studies as a function of age, but in individuals older than one year, the cartilaginous 
portion was measured to be approximately twice the length of the portion noted in the 
cadaver larynges (Hirano et al., 1983; Rogers et al., 2014). Methodological differences 
between these studies are significant, potentially contributing to these different findings. 
Cadaver larynges were fixed with chemical solutions to preserve them, which may have 
affected the vocal fold tissues as compared to the vocal fold tissues examined under 
anesthesia. Yet, the measurement technique used in vivo on patients under anesthesia was 
an estimate, whereas ex vivo measurements of the cadaver larynges were able to be more 
precise. Continued work is needed to further clarify whether the proportions of the 
membranous and cartilaginous portions change throughout childhood, and whether this 
affects the pliability and flexibility of the vocal folds.   
 Function 
 Fundamental frequency (fo) and sound pressure level 
The structural differences in the vocal folds have functional implications that can 
be observed in the developing system. Maturation increases the length and mass of the 
vocal folds and leads to a decrease in fundamental frequency (fo)(Bennett, 1983; Glaze, 
Bless, Milenkovic, & Susser, 1988; Glaze, Bless, & Susser, 1990; Kent, 1976; Nicollas et 
al., 2008; Wilson, 1987), perceptually noted as a decrease in pitch. Prior to puberty there 
is little differentiation between male and female voices in terms of mean fo (Bennett, 
1983; Kent, 1976), whereas after puberty, males have a lower mean fo than females 
(Kent, 1976; Lee, Potamianos, & Narayanan, 1999). Variability of fo also decreases 




Sapienza, 1994; Wilson, 1987), which is likely due to a combination of structural and 
functional changes. This decrease in variability is thought to be due, in part, to a 
maturational increase in control and coordination of the vocal motor system throughout 
development (Kent, 1976; Stathopoulos & Sapienza, 1997).   
Control of vocal intensity, that is, the sound pressure level (SPL) of the voice, has 
also been examined as a function of development. Children as young as three years of age 
have been shown to maintain a relatively stable vocal intensity when asked to produce a 
vowel at a comfortable loudness (Brown Jr & Shrivastav, 2007). Additionally, similar to 
adults (Titze, 1989), children’s fo values increased with a vocal intensity increase 
(Stathopoulos & Sapienza, 1997). However, younger children had a larger increase in fo 
than older children, suggesting a tighter relationship between fo and SPL (Stathopoulos & 
Sapienza, 1997). Examination of voice range profiles provides a detailed look at the 
interaction between fo and SPL; voice range profiles outline the range of fo that can be 
produced at any given sound pressure level (Titze, 1989). These voice range profiles are 
reduced in children as compared to adults (McAllister, Sederholm, Sundberg, & 
Gramming, 1994; Wuyts et al., 2003). Female children’s voice range profiles gradually 
increase throughout development, whereas male children exhibit a more stair-step pattern 
(Wuyts et al., 2003). For male children, both the fo range and the SPL range are reduced 
in children 6 – 7 years of age, as compared to male children 8 – 11 years of age (Wuyts et 
al., 2003). The authors hypothesize that this differentiation between males around eight 
years of age may be related to structural changes in the vocal folds, potentially associated 




 Subglottal pressure and transglottal airflow 
Subglottal pressure is defined as the pressure in the trachea below the level of the 
glottis. The measurement of subglottal pressure during speech provides information on 
the interaction between the respiratory and laryngeal systems. Yet direct measures of 
subglottal pressure during speech are invasive, requiring tracheal punctures or esophageal 
balloons in order to directly measure pressure below the glottis. As a result, indirect 
methods are frequently used to estimate subglottal pressure. One common clinical 
method involves measuring intraoral pressure during the closure period of a bilabial 
voiceless stop consonant during a series of /p/+vowel productions (e.g. /pipipipipi/). 
During these productions, an oral catheter in the mouth records the intraoral pressure at 
the point of the production when the lips are tightly sealed and the vocal folds are open. 
The assumption during this time period is that intraoral pressure and subglottal pressure 
are equal, and the measurement of intraoral pressure provides an indirect estimate of 
subglottal pressure. Moreover, the oral airflow is measured during the vowel production 
after the /p/, at the center point of the vowel. A relatively stable airflow can be obtained 
and used as an estimate for transglottal airflow (e.g., the airflow passing through the 
glottis) that occurs during phonation (Smitheran & Hixon, 1981). A second type of 
indirect method to estimate subglottal pressures is mechanical interruption. With this 
method the participants produced a sustained vowel with their mouth around a tube and a 
device interrupts the airflow. By having the participants maintain constant effort during 
the mechanical interruption, estimates of subglottal pressure during the sustained vowel 




measurements have been shown to provide reliable information in a pediatric population 
(Hoffman et al., 2018) 
Evaluation of estimates of subglottal pressure during development indicates that 
children have increased subglottal pressure compared to adults (Holmberg, Hillman, & 
Perkell, 1988; Keilmann & Bader, 1995; Netsell, Lotz, Peters, & Schulte, 1994; 
Stathopoulos & Sapienza, 1997; Weinrich, Salz, & Hughes, 2005). This increase in 
subglottal pressure was found, even when controlling for vocal intensity differences 
(Stathopoulos & Sapienza, 1993). Modeling work has indicated that larynges that are 
smaller have more restricted oscillation conditions, leading authors to hypothesize that 
the increased subglottal pressures noted in children may be required in order to achieve 
conditions that would allow for oscillation of the vocal folds (Lucero & Koenig, 2005). 
Examination across children from 6 – 11 years of age indicates a trend for decreasing 
subglottal pressure with age, but significant differences were not noted (Weinrich et al., 
2005). Similarly, phonation threshold pressure, defined as the minimum subglottal 
pressure necessary to begin vocal fold vibrations(Titze & Martin, 1998), does not 
systematically vary with age in children (Hoffman et al., 2018; McAllister & Sundberg, 
1998). 
Laryngeal airway resistance also provides information on the interaction between 
the respiratory and laryngeal systems. Laryngeal airway resistance is calculated by 
dividing a subglottal pressure estimate by the oral airflow measured during a vowel 
(Smitheran & Hixon, 1981). Measures of laryngeal airway resistance are increased in 




does not change significantly throughout development, it is likely that the greater 
laryngeal airway resistance found in children is primarily due to the increased subglottal 
pressures (Keilmann & Bader, 1995; Netsell et al., 1994; Stathopoulos & Sapienza, 
1997).  
 Vocal fold vibration 
In order to produce voice, the vocal folds adduct (i.e., come together), air pressure 
from the lungs builds up under the adducted vocal folds (i.e., subglottal pressure), and 
when the subglottal pressure exceeds the phonation pressure threshold, the vocal folds 
begin vibrating. Direct visualization of the vocal folds though high-speed 
videoendoscopy allows for examination of the vibratory movement of the vocal folds 
during phonation. One cycle of vocal fold vibration is defined by an open phase (i.e., 
when the vocal folds are open) and a closed phase (i.e., when the vocal folds are closed). 
Furthermore, the open phase is subdivided into an opening phase and a closing phase. 
Relative to the duration of a cycle of vibration, the opening phase is the time from when 
the vocal folds begin opening to when they reach their maximum opening; the closing 
phase, in contrast, is the time it takes to return to the closed position after the maximum 
opening has been reached. As compared to adults, children have a larger opening phase 
than closing phase (Döllinger, Dubrovskiy, & Patel, 2012; Patel, Donohue, Unnikrishnan, 
& Kryscio, 2015; Patel, Dixon, Richmond, & Donohue, 2012; Patel, Dubrovskiy, & 
Döllinger, 2014b). Children had increased average and peak closing velocities (Patel et 
al., 2015), and children had larger normalized peak displacements of the vocal folds, 




findings, it is important to note that children also have increased variability in many of 
the above mentioned measures, suggestive of increased variability of the vocal fold 
vibrations (Döllinger et al., 2012; Patel, Dubrovskiy, & Döllinger, 2014a). 
 Vocal fold abduction and adduction 
Similar to the differences in vocal fold vibrations, the closure patterns of the vocal 
folds during adduction shows difference between adults and children. In children, vocal 
fold closure occurs in a rapid ‘shutter-like’ closing pattern (Döllinger et al., 2012). 
Children also often present with a posterior glottal gap, that is, the posterior portion of 
their vocal folds does not completely close during the closed phase of vibration (Patel et 
al., 2012). Authors also report greater prevalence of hourglass closure, that is, closure 
with posterior and anterior gaps during the closed period, in male children as compared to 
female children (Patel et al., 2012)  
Examination the development of laryngeal diadokinetics (L-DDK) provides 
information on the regulation and stability of vocal motor control, measured in children 
via repeated /i/ production (Modolo, Berretin-Felix, Genaro, & Brasolotto, 2011) or 
repeated /ʌh/ productions (Maturo et al., 2012). These L-DDK production require quick 
abduction and adduction (i.e., opening and closing of the vocal folds), with adduction 
needed for phonation of the /i/ or /ʌh/ and abduction needed for breaths in between 
productions. Children under the age of 11 had significantly faster L-DDK rates as 
compared to children older than 12, suggestive of increased control in older children 
(Maturo et al., 2012). Variability measurements indicated that eight-year-old children had 




further supporting the ongoing development of laryngeal control during this time period 
(Modolo et al., 2011). 
The temporal control of vocal fold adduction can be examined through measures 
of voice onset time (VOT). VOTs are defined as the time between the release of the burst 
in a stop consonant and the voicing of the next vowel (Lisker & Abramson, 1964). In the 
mature system, VOT is shorter after a voiced consonant as compared to a voiceless 
consonant; however, this differentiation is not as clear in young children (Eguchi & 
Hirsh, 1969; Kent, 1976). Previous work has indicated that younger children have 
increased variability and decreased differentiation VOTs timing after voiced and 
voiceless stops, with both of these factors reaching adult-like levels around eight years of 
age (Eguchi & Hirsh, 1969).  Yet VOT is not solely controlled by vocal fold adduction 
ability because control of VOT is also affected by subglottal and supraglottal pressures, 
which can be significantly affected by the size of the vocal tract. For this reason, it is 
unsurprising that the decrease in variability seen in the acoustic measure of VOT is also 
seen in kinematic measures and measures of articulatory movements such as jaw and lip 
movement (Green, Moore, Higashikawa, & Steeve, 2000; Sharkey & Folkins, 1985; 
Smith & Goffman, 1998). From 7 – 15 years of age, durations of phoneme and sentence 
productions decrease, as do the variability of formant measures (Lee et al., 1999).  
 Listener perception 
 Ratings of perception of overall severity, vocal strain, breathiness, and roughness 
were higher for children ages 4 –6 years old as compared to adults (Masaki, 2009). 




without voice disorders show similar ratings for vocal strain, suggesting that strain may 
be not be considered a deviant feature of a child’s voice (Simões-Zenari, Nemr, & 
Behlau, 2012). Examination of children 3 – 9 years of age indicated that, in a cross-
sectional study of 70 children, over 80% were perceived to have a mild vocal deviation 
(Lopes et al., 2013). These increased perceptual ratings were also correlated with 
increased standard deviation of fo (Lopes et al., 2013). 
 Summary 
Seen both structurally and functionally, the pediatric larynx has distinct 
differences from the adult larynx. Children’s vocal folds are physically smaller (Hirano et 
al., 1983), resulting in increased fo during phonation (Bennett, 1983; Glaze et al., 1988; 
Glaze et al., 1990; Kent, 1976; Nicollas et al., 2008; Wilson, 1987). Modeling work 
suggests that smaller larynges have more restricted conditions that will allow them to 
vibrate (Lucero & Koenig, 2005), providing a potential reasoning for why increased 
subglottal pressure is noted in children (Keilmann & Bader, 1995; Netsell et al., 1994; 
Stathopoulos & Sapienza, 1997; Weinrich et al., 2005), as it may be needed to begin and 
maintain vocal fold oscillations. The increased subglottal pressure during phonation 
likely is related to the vibrational differences noted, specifically to the increased 
normalized average closing velocities, increased normalized vocal fold displacements, as 
well as the rapid closure pattern seen during adduction (Döllinger et al., 2012; Patel et al., 
2015). The tight coupling of fo and subglottal pressure (Stathopoulos & Sapienza, 1997), 
partially due to the size of vocal folds (Titze, 1989), also results in decreased vocal fold 




(McAllister et al., 1994; Titze, 1989; Wuyts et al., 2003). Moreover, the decreased 
differentiation of the lamina propria and immature vocal ligament (Hartnick et al., 2005; 
Hirano et al., 1983; Sato et al., 2001) likely also contributes to this reduced flexibility in 
production of fo and SPL. Overall, this immature laryngeal structure is highly variable 
during steady state phonation, which is evidenced in both acoustic (Glaze et al., 1988; 
Kent, 1976; Lee et al., 1999; Sussman & Sapienza, 1994; Wilson, 1987) outputs as well 
as measurement of vocal fold vibration (Döllinger et al., 2012; Patel et al., 2014a). 
Additionally, increased variability between productions is also noted (Eguchi & Hirsh, 
1969; Modolo et al., 2011), similar to what is seen in development of speech motor 
control (Green et al., 2000; Sharkey & Folkins, 1985; Smith & Goffman, 1998). Thus, in 
addition to the structurally immature vocal folds, the increased between-token variability 
in children suggest an immature vocal motor system. These variabilities may contribute 
to the perception of increased strain in pediatric voices, even when a voice disorder is not 
present.  
1.2 Voice disorders in children 
 Impact of dysphonia in children 
The prevalence of voice disorders in children is frequently reported to be between 
6 – 17%  (Carding, Roulstone, Northstone, & Team, 2006; Kiliç, Okur, Yildirim, & 
Güzelsoy, 2004; Leeper Jr, Leonard, & Iverson, 1980; Silverman & Zimmer, 1975; 
Tavares, Brasolotto, Santana, Padovan, & Martins, 2011; Wilson, 1987), with the vocal 
quality of children perceived as deviant in the auditory-perceptual domain (i.e., 




(e.g., vocal fold nodules, papillomas), functional (e.g., puberphonia), or neurogenic (e.g., 
vocal fold paralysis, Dobres, Lee, Stemple, Kummer, & Kretschmer, 1990). Voice 
disorders can occur at any point throughout childhood, with some authors hypothesizing 
that the immature structure of the vocal folds may place children at increased risk of 
developing dysphonia (Ishii, Akita, Yamashita, & Hirose, 2000). Children with 
dysphonia undergo negative functional, physical, emotional and social consequences 
(Carroll, Mudd, & Zur, 2013; Connor et al., 2008; Verduyckt, Remacle, Jamart, 
Benderitter, & Morsomme, 2011). Children with voice disorders expressed more negative 
attitudes about their speech compared to both children without communication disorders 
and children with articulation disorders (De Nil & Brutten, 1990). Children and adults 
across the age spectrum have increased negative attitudes about the voices of children 
with dysphonia (Lass, Ruscello, Bradshaw, & Blankenship, 1991a; Lass, Ruscello, Stout, 
& Hoffman, 1991b; Ruscello, Lass, & Podbesek, 1988). Negative judgments of children 
with dysphonic voices were also made by teachers (Ma & Yu, 2013; Zacharias, Kelchner, 
& Creaghead, 2013), and children may be fearful or hesitant to participant in class 
(Connor et al., 2008), putting these children at academic risk. 
 Frequent coexisting diagnoses with voice disorders in children 
Few studies have examined the co-occurrence of voice and communication 
disorders in children, primarily examining the presence of vocal deviation in children 
with speech or language deficits. Over 50% of children with deviant vocal quality were 
found to have articulatory deviations (James & Cooper, 1966; Louis, Hansen, Buch, & 




experiencing language deficits (Louis et al., 1992). Examination of children with 
articulation disorders (Ruscello, St. Louis, & Mason, 1991) and moderate-to-severe 
stuttering (Louis & Hinzman, 1988) similarly showed that approximately 50% of children 
also had vocal deviations. Taken together, these findings suggest a link between voice 
disorders and other communication disorders. However, there are a wide variety of 
potential reasons for this link, including: a causal relationship between the disorders, a 
similar underlying deficit between the disorders, or experimental methods that may 
unfairly bias whether a disorder is detected. 
Voice disorders in children have also been evaluated alongside other common 
conditions that may contribute to or increase the risk factors of children developing a 
voice disorder. Respiratory risk factors include upper respiratory disorders, upper 
respiratory infections, allergies, and/or asthma (Baker, Baker, & Le, 1982; Dejonckere, 
1999; Faust, 2003; Wohl, 2005), which can all lead to inflammation, throat clearing, and 
coughing. Gastroesophageal reflux (Dejonckere, 1999; Faust, 2003) can cause significant 
vocal fold edema or irritation. Additional medical conditions such as conductive or 
sensorineural hearing loss (Baker et al., 1982; Nagy, Elshafei, & Mahmoud, 2019) and 
nasal obstruction (de Lábio, Tavares, Alvarado, & Martins, 2012; Gomaa, Mohammed, 
Abdalla, & Nasr, 2013) may also have potential links to children with voice disorders. 
Relatedly, in a large cross-sectional study, parents were more likely to report that their 
child had a vocal deviation if they also had asthma or a previous tonsillectomy, yet 
neither asthma nor tonsillectomy were significantly more prevalent in the group of 




This suggests that parent report of vocal deviations may be inflated due to the presence of 
other common childhood conditions that involve either respiratory or resonance changes.   
An additional finding in the medical literature is that children with attention 
deficit disorder may be predisposed to developing voice disorders, due to common voice 
use and misuse patterns within this population (Barona-Lleo & Fernandez, 2016; Garcia-
Real, Diaz-Roman, Garcia-Martinez, & Vieiro-Iglesias, 2013; Hamdan et al., 2009). 
Similarly, other personality traits have been examined in children with voice disorders, 
and some evidence suggests that children with voice disorders may also have differences 
in awareness and attention as compared to children without voice disorders (D'Alatri et 
al., 2015; Green, 1989). Lee and colleagues (2018) conducted a systematic review to 
examine personality traits, psychological factors, and behavioral factors in children with 
vocal nodules (CwVN). Differing results were found regarding inattentive behaviors, 
with some studies noting that children with voice disorders had higher scores of 
distractibility (Green, 1989), higher parent and teacher ratings of inattentiveness (D'Alatri 
et al., 2015), or were not different from matched controls (Erdur et al., 2016; Roy, Holt, 
Redmond, & Muntz, 2007).  There is some evidence suggesting that children with voice 
disorders may have perceptual differences as compared to children without voice 
disorders. Through methods of parental interviews, Eggers and colleagues (2009) 
examined the loading of different traits on factors of temperament and personality in 
CwVN, children who stutter, and typically developing children. Results indicated that the 
trait of ‘perceptual sensitivity’ was loaded the least on the factor of ‘effortful control’ in 




group to use the detection of small changes as a self-regulation tool in their everyday life 
(Eggers et al., 2009).  
 Vocal fold nodules 
The most common cause of dysphonia  in children is vocal fold nodules (VFN), 
benign lesions that typically occur at the junction of the anterior and medial portion of the 
vocal folds (Angelillo, Di Costanzo, Costa, Barillari, & Barillari, 2008; Kiliç et al., 2004; 
Leeper Jr et al., 1980; McMurray, 2010; Miller & Madison, 1984; Mortensen, Schaberg, 
& Woo, 2010; Shah, Harvey Woodnorth, Glynn, & Nuss, 2005; Shearer, 1972). Shah and 
colleagues (2007) developed a grading scale for the size of VFN in children based on 
fiberoptic and stroboscopic pictures taken during clinical examination. The proposed 
grading scale suggests that small VFN protrude less than 0.5 mm, medium VFN protrude 
0.5 –1 mm, while large VFN protrude greater than 1.0 mm. The authors further stipulated 
that phonation with small VFN would result in complete vocal fold adduction, phonation 
with medium VFN may have a glottal gap anteriorly, and phonation with large VFN 
always had the presence of an hourglass closure, that is, a glottal gap anteriorly and 
posteriorly (Shah et al., 2007). VFN have been seen in children at all stages of 
development, with many children presenting with VFN at a few of months of age (Shah 
et al., 2005) and VFN often persisting after puberty into adulthood (Shah et al., 2005). 
More male children than female children are diagnosed with VFN (Dobres et al., 1990), 
although females are more likely to continue to have VFN after puberty than males (De 
Bodt et al., 2007; Sander, 1989). 




increased variability, seen in short-term perturbation measures (e.g., jitter and shimmer), 
variability in fo (Campisi, Tewfik, Pelland-Blais, Husein, & Sadeghi, 2000; Niedzielska, 
Glijer, & Niedzielski, 2001; Valadez et al., 2012), more severe ratings in the auditory-
perceptual domain (Gramuglia, Tavares, Rodrigues, & Martins, 2014; Nuss, Ward, 
Huang, Volk, & Woodnorth, 2010; Shah et al., 2005; Simões-Zenari et al., 2012), and 
increased glottal airflow during speech (Sapienza & Stathopoulos, 1994). The preferred 
treatment for children with VFN is voice therapy (Allen, Pettit, & Sherblom, 1991; 
Connelly, Clement, & Kubba, 2009; Moran & Pentz, 1987; Signorelli, Madill, & 
McCabe, 2011), yet there is a shortage of pediatric-focused treatment research within the 
greater field of voice disorders (Benninger, 2011a, 2011b). 
Voice therapy is considered the best practice for treating children with VFN 
(Ongkasuwan & Friedman, 2013), yet the lack of transparency with regard therapy 
treatments used, as well as differing outcome measures likely have contributed to the 
varied success rates reported for pediatric voice therapy (Deal, McClain, & Sudderth, 
1976; Trani, Ghidini, Bergamini, & Presutti, 2007). Improvement from voice therapy has 
been seen in the acoustic domain (Hartnick et al., 2018; Lee & Son, 2005; Şenkal & 
Çiyiltepe, 2013; Tezcaner, Ozgursoy, Sati, & Dursun, 2009; Trani et al., 2007; Valadez et 
al., 2012), the visual reduction of VFN size (Deal et al., 1976; Hartnick et al., 2018; 
Tezcaner et al., 2009; Valadez et al., 2012), and auditory-perceptual domains (Lee & 
Son, 2005; Mori, 1999; Şenkal & Çiyiltepe, 2013; Tezcaner et al., 2009; Valadez et al., 
2012). Only a handful of studies have prospectively examined the effect of voice therapy 




reduction of VFN size, and less deviant acoustic measures after completion of therapy 
(Deal et al., 1976; Hartnick et al., 2018; Tezcaner et al., 2009; Trani et al., 2007). 
A single randomized clinical trial examined the effects of pediatric-focused voice 
therapy in CwVN, ages 6 – 10 years old (Hartnick et al., 2018). This study indicated that 
both an ‘indirect’ therapy, focusing on vocal hygiene and discussion of desired voice 
production, and a ‘direct’ therapy, focusing on motor learning tasks, resulted in 
improvement on outcome measures (Hartnick et al., 2018). However, further post-hoc 
analyses revealed there was a larger positive improvement in ‘direct’ therapy as 
compared to ‘indirect’ therapy in older children (8 – 10 years), with authors suggesting 
that older children may be more cognitively able to learn the new motor patterns during 
the ‘direct’ therapy (Hartnick et al., 2018).  
 Vocal hyperfunction  
In adults, VFN are thought to occur due to hyperfunctional voicing patterns that 
include increased vocal fold tension and increased collision forces of the vocal folds 
during phonation (Hillman, Holmberg, Perkell, Walsh, & Vaughan, 1989).  However, 
there are differences between children and adults in both structure and functional use of 
the vocal folds; these differences preclude the assumption that the development of VFN 
in children is the same as adults. 
 Presence of vocal hyperfunction in children with VFN 
In the current literature, hyperfunctional vocal patterns are often referenced when 
discussing children with voice disorders (e.g., Lee & Son, 2005; Shah et al., 2005; 




patterns in children with VFN include increased supraglottic compression (Lee & Son, 
2005; Shah et al., 2005), use of a ‘pressed voice’ (McMurray, 2010; Verdolini Abbott, 
Yee-Key Li, Hersan, & Kessler, 2010), increased tension inferred from increased fo 
(Hufnagle, 1982), increased vocal strain (Lee & Son, 2005), and increased speed of vocal 
fold closure during vibration (Patel, Unnikrishnan, & Donohue, 2016). These 
hyperfunctional voicing patterns are seen in children with both large and small VFN. For 
example, in children with large VFN, authors have suggested that the presence of 
supraglottic compression may be a compensatory strategy to overcome the glottic gap 
caused by the presence of the large VFN (Nuss et al., 2010; Shah et al., 2005; Woodnorth 
& Nuss, 2009). However, supraglottic compression has also been noted in children with 
small VFN, evaluated by the authors to be disproportionate to the size of the lesion and 
therefore suggesting a functional etiology (Shah et al., 2005; Woodnorth & Nuss, 2009). 
Overall, it is difficult to discern whether a hyperfunctional voicing pattern in a child with 
VFN is a necessary compensatory strategy or an unnecessary misuse strategy that would 
be an appropriate target for voice therapy. 
 Measurement of vocal hyperfunction: relative fundamental frequency 
The difficulty in discerning whether a voicing pattern is necessary to overcome 
structural deficits or whether the pattern is a misuse strategy that can be appropriately 
targeted in voice therapy may contribute to the varied levels of success noted in voice 
therapy practices for children with VFN (Deal et al., 1976; Hartnick et al., 2018; Lee & 
Son, 2005; Mori, 1999; Şenkal & Çiyiltepe, 2013; Tezcaner et al., 2009; Trani et al., 




would capture the functional voice changes that occur during voice therapy and not rely 
on structural changes (i.e., resolution of nodules), which may take years to occur 
(Nardone, Recko, Huang, & Nuss, 2014). An acoustic measure that shows promise in 
detecting functional voice changes in adults is relative fundamental frequency (RFF, 
Heller Murray et al., 2017; Lien et al., 2015a; Roy, Fetrow, Merrill, & Dromey, 2016; 
Stepp, Hillman, & Heaton, 2010). RFF examines the instantaneous fo of the vocalic 
devoicing and voicing gestures preceding and following a voiceless consonant. Discussed 
in detail in previous work (Heller Murray et al., 2017; Stepp, Merchant, Heaton, & 
Hillman, 2011b), fo changes during the phonetically governed vocal onsets and offsets. 
These vocal onsets and offsets are impacted by a combination of factors, including the 
pressure changes across the glottis (Ladefoged, 1967; Löfqvist, Koenig, & McGowan, 
1995; Löfqvist & McGowan, 1992), and changes in laryngeal tension (Halle & Stevens, 
1971; Stevens, 1977). The modulation of laryngeal tension is necessary to both cease and 
start vocal fold vibrations. Compared to vocally healthy adults, adults with 
hyperfunctional voice disorders have a larger decrease in fo for both the vocal onset and 
offset cycles closest to the voiceless consonant (Heller Murray et al., 2017; Lien et al., 
2015a; Stepp et al., 2010). The hypothesized primary pathophysiological difference in 
adults with hyperfunctional voices as compared to adults without voice disorders is the 
presence of increased baseline laryngeal tension; this increase in baseline tension allows 
for less purposeful use of laryngeal tension during vocal onset and offset (Heller Murray 
et al., 2017; Stepp et al., 2011b). This conclusion is further supported by the sensitivity of 




(Heller Murray et al., 2017; Stepp et al., 2011b), 2) functional changes in voice that occur 
after a successful course of voice therapy (Roy et al., 2016; Stepp et al., 2011b), 3) 
periods of high voice use (Heller Murray, Hands, Calabrese, & Stepp, 2016), and 4) 
experimental manipulations of increased vocal effort in adults with healthy voices (Lien, 
Michener, Eadie, & Stepp, 2015b; McKenna, Heller Murray, Lien, & Stepp, 2016). 
Additionally, RFF has been shown to correlate with auditory-perceptual ratings of vocal 
strain (Eadie & Stepp, 2013; McKenna & Stepp, 2018; Roy et al., 2016; Stepp, Sawin, & 
Eadie, 2012), which is a common auditory-perceptual measured used to determine voice 
therapy success. Conversely, RFF remains unchanged after surgical removal of a vocal 
lesion (Stepp et al., 2010), suggesting that RFF values are not significantly impacted by 
purely structural laryngeal changes. 
Although RFF shows significant promise in its usability to detect functional vocal 
changes in adults, its usability in children with VFN is still unknown. Previous work, 
though, has indicated that examining instantaneous fo changes during devoicing and 
voicing onset gestures does provide information on general vocal control in children 
without voice disorders. Evaluation of vocal offsets indicates that patterns of decreased fo 
are seen in children as young as 2 – 3 years of age (Arenas, Zebrowski, & Moon, 2012), 
and the average vocal offset fo values do not vary as a function of development (Robb & 
Smith, 2002). For vocal onset, however, fo values do vary as a function of development. 
In children 1 – 2 years of age, the fo of the first onset cycle was not significantly different 
from the remaining onset cycles (Robb & Saxman, 1985), with the expected pattern of 




Robb & Smith, 2002). Additionally, average vocal onset fo values are different between 
children and adults; four year olds have lower vocal onset fo values than adults (Robb & 
Smith, 2002), and adult-like onset fo values emerge around 8 – 9 years of age (Ohde, 
1985; Robb & Smith, 2002). The variability of vocal onset and offset fo values both show 
developmental trends. Younger children demonstrate increased variability as compared 
with older children and adults (Arenas et al., 2012; Ohde, 1985; Robb & Smith, 2002), 
potentially suggesting that a more variable vocal mechanism is an indicator of an 
immature system that becomes more stable throughout development. Continued work is 
necessary to determine if these same developmental patterns are seen in children with 
VFN and if RFF can be used to track changes in vocal function as well as developmental 
changes.   
1.3 Vocal motor control  
While models of speech motor control are plentiful (see for review, Parrell, 
Lammert, Ciccarelli, & Quatieri, 2017), substantially less work focuses on vocal motor 
control. Below is a summary of models that discuss vocal motor control. The first model 
was designed to explain behavioral experiments focused on feedback control of voice 
(Hain et al., 2000; Larson, Altman, Liu, & Hain, 2008) and was later expanded to be 
more comprehensive. However, this model was designed primarily around behavioral 
results and therefore may be limited in its extension to other tasks and vocal motor 
control in general. Therefore, in order to more comprehensively examine vocal motor 
control, two models of speech motor control (Guenther, 2016; Houde & Nagarajan, 2011) 




be discussed. Italicized terms below indicate the preferred term of the author(s) of the 
model being discussed. 
 Models of voice and speech motor control 
 Feedback control of voice 
Hain and colleagues have proposed a model of feedback control of voice (Hain et 
al., 2000). Within this model, an internal model produces an expected self fo signal, 
indicating the anticipated fo of the production. A vocal output is produced and then 
subsequently inputted into a neural construct termed self from external. Within this 
construct, the vocal output is evaluated as either perceived self fo (i.e., one’s own voice) 
or perceived external fo (i.e., an external voice not produce by one’s self). If the vocal 
output is determined to be a perceived self fo production, that production is then 
compared with the expected self fo produced from the internal model. If there is a 
discrepancy between the two, a corrective command is generated in the opposite direction 
of the internal fo error to make an online correction of fo. Thus, the ongoing production 
will be adjusted to bring the perceived self fo closer to the expected self fo. Alternatively, 
if vocal output is categorized as a perceived external fo production by the self from 
external construct, a command is generated in the same direction as the perceived 
external fo, as if to try and match the expected self fo with the perceived external fo (Hain 
et al., 2000). Larson and colleagues (Larson et al., 2008) later expanded on this model to 
include a somatosensory feedback component, with the same structure as the auditory 




 State Feedback Control 
The State Feedback Control model uses the idea of a dynamic state in a system, 
that is, that the system at the present time possesses both information on the current state 
as well as the ability to predict how current motor commands will affect future states 
(Houde & Nagarajan, 2011). During speech production, a motor command from the 
controller is sent to the vocal tract, with an additional efference copy sent to an observer. 
Within this observer, two pathways are present, a prediction and a corrective pathway. In 
the prediction pathway, the predicted movements of the vocal tract are calculated and 
sent to the controller in order to inform subsequent motor commands, thereby allowing 
for fluent speech production without any delays involved in sensory processing. The 
other action that occurs in the observer is along the corrective pathway; the auditory and 
somatosensory consequences of the predicted movement are compared with the actual 
auditory and somatosensory outputs after they are produced by the vocal tract. If 
differences are present, error corrections are produced, weighted, and finally summed 
with the outgoing predicted movement from the predicted pathway to update the 
outgoing motor command. Within this corrective pathway, sensory delays are present in 
order to allow comparisons between the actual and predicted feedback (Houde & 
Nagarajan, 2011). 
 Directions Into Velocities of Articulators 
The Direction Into Velocities of Articulators (DIVA) model outlines both 
development and steady-state speech motor control (Guenther, 2016). During the 




During the babbling phase, articulator movements are implemented to provide 
subsequent auditory and somatosensory feedback for those movements. The imitation 
phase occurs further in development, when specific speech sounds are being learned: the 
immature model (e.g., the infant) will begin forming auditory targets for speech sounds 
that are presented auditorily. During subsequent productions, the auditory state of the 
production will be compared to the auditory target within an auditory feedback 
controller, and a corrective command is generated for any difference between the 
auditory state and auditory target.  
Once an auditory target for a sound is learned, repeated practice of the sound will 
result in the learning of the somatosensory target, that is, the way the sound feels when 
produced. The formation of a somatosensory target allows a second feedback controller, 
a somatosensory feedback controller, to provide information on the current production by 
comparing the sensory target to the current somatosensory state. DIVA also has a third 
controller, a feedforward controller, which relies on a stored motor program (motor 
targets) of the production. The motor target is not innate; information from the feedback 
controllers is used to update and tune the motor program of the feedforward controller 
through a process called sensorimotor adaptation. Outputs from the auditory feedback 
controller, somatosensory feedback controller, and the feedforward controller are 
weighted separately and then summed together for the speech output. During speech 
production, an immature system is thought to place a high weighting on auditory 
feedback. As the system matures and the motor targets become more stable, there is a 




feedforward control, to allow for fluent speech production (Guenther, 2016).  
 Comparison of voice and speech models 
The three models discussed above are compatible with examination vocal motor 
control and all three have been shown to be plausible in terms of their proposed 
neurophysiology. Larson, Hain, and colleagues have designed and refined their model 
based on behavioral studies of the vocal response seen to pitch-shift (Burnett, Freedland, 
Larson, & Hain, 1998; Burnett, Senner, & Larson, 1997; Hain et al., 2000). Additionally, 
researchers have used both behavioral and neurological paradigms to provide evidence 
for their model’s structure of feedback control (e.g., Behroozmand, Korzyukov, & 
Larson, 2011a; Liu et al., 2013; Liu et al., 2018; Petermann, Döllinger, Kniesburges, & 
Ziethe, 2016) as well as the presence of an efference signal (Behroozmand & Larson, 
2011). State feedback control has been expanded to examine auditory feedback of voice, 
specifically examining the neural responses during unshifted and pitch-shifted voicing. 
Authors noted that there were specific cortical areas that were active during responses to 
a pitch-shift as opposed to unshifted speech, and that activation of different areas 
occurred at specific time-points (Kort, Nagarajan, & Houde, 2014). The DIVA model has 
been examined in terms of feedback control and SA adaptation for fo, with behavioral and 
neural responses (e.g., Scheerer & Jones, 2014; Scheerer, Liu, & Jones, 2013) supporting 
the involvement of both feedback and feedforward control. However, within the 
framework of DIVA sensory acuity is also important to understand the learning and 
responses of the model, and no study has examined the relationships among feedback, 




Each of these models have similarities in their proposed control systems for 
speech and/or voice. All three models discuss sensory feedback control, which is integral 
to the accurate production of speech and/or voice. They also acknowledge that a forward 
control model must be present in order to produce fluent outputs. However, there also 
differences between that models that make them distinct. Only the DIVA model discusses 
the importance of acoustic and somatosensory targets in both the learning phase and 
ongoing productions. From a developmental perspective, these targets are formed during 
the initial learning phase of the model, refined over multiple productions, and used during 
mature speech for error correction. The presence of these targets is appropriate for 
speech, as during speech develop clear and distinct categories form based on how 
phonemes sound and feel during production. However, it is not well understood if 
individuals have distinct categories for vocal pitch. That is, if an individual does have an 
acceptable range (i.e., target) for production of a vocal pitch, error corrections could be 
made if the produced pitch is outside the target range for the intended production. Yet, if 
individuals do not have clear pitch targets during productions, it is less clear how this 
would translate to the study of vocal motor control within the structure of DIVA. 
Nevertheless, the DIVA model provides a clear outline of how the forward model is 
trained, information that is lacking in the other two models. Additionally, the DIVA 
model’s discussion of feedforward and feedback weighting changing throughout 
development during maturation provides a novel structure for understanding changes to 
these control systems during development. Therefore, although all three models have 




most comprehensively examined with the structure of the DIVA model. 
 Evaluation of vocal motor control in children 
 Auditory and somatosensory discrimination of voice 
Models of voice and speech motor control typically include the ability to perceive 
changes, either overtly or covertly, in order to detect and correct for an error. One method 
of examining these perceptual abilities is by determining an individual’s auditory acuity. 
This has been studied across a range of acoustic features such as intensity, spectral 
changes, duration, and pitch (e.g., Carpenter, 1976; Halliday, Taylor, Edmondson-Jones, 
& Moore, 2008; Jensen & Neff, 1993; McShefferty, Whitmer, & Akeroyd, 2015; Moore, 
Ferguson, Halliday, & Riley, 2008). Most relevant to vocal motor control are pitch 
discrimination abilities, typically evaluated via pure tones. Classically, pitch 
discrimination is examined with pure tone stimuli (Banai, 2008; Halliday et al., 2008; 
Jensen & Neff, 1993; Maxon & Hochberg, 1982; Moore et al., 2008; Thompson, 
Cranford, & Hoyer, 1999), with only a few studies examining more complex stimuli, 
such as a consonant-vowel syllables or stimuli with a speech-like harmonic structure 
(Buss, Flaherty, & Leibold, 2017; Deroche, Zion, Schurman, & Chatterjee, 2012). 
Overall, these findings suggest that pitch discrimination (i.e., smallest difference in pitch 
an individual can reliably perceive) become adult-like by at least eight years of age 
(Banai, 2008; Buss et al., 2017; Halliday et al., 2008; Jensen & Neff, 1993; Maxon & 
Hochberg, 1982; Moore et al., 2008; Thompson et al., 1999). Yet, it should be noted that 
significant variability exists among these studies on the exact age at which children are 




partially attributed to the procedure used (Banai, 2008; Deroche et al., 2012; Sutcliffe & 
Bishop, 2005), attentional abilities of the participants (Moore et al., 2008), or other 
relevant participant characteristics that may not be directly related to age. Therefore, 
when examining auditory abilities in children, the experimental design should be 
structured to require minimal memory and attentional demands, as these factors can vary 
greatly in certain age and/or clinical populations (Cacace & McFarland, 2013). 
Additionally, the language used to elicit a response can impact measurement of 
discrimination abilities. Complex relational language, such as ‘higher’ or ‘lower’ has 
been shown to result in poorer discrimination than if less complex language was used, 
such as ‘same’ and ‘different’ (Andrews & Madeira, 1977).  
Two studies have examined the pitch discrimination abilities of children to 
complex stimuli that are similar to vocal fo (Buss et al., 2017; Deroche et al., 2012). Both 
studies used a three-interval, three-alternative forced choice task in which the children 
heard three sounds, two the same and one different (Buss et al., 2017; Deroche et al., 
2012).  Although both studies used a similar, simple paradigm, the authors came to 
different conclusions with the regard to the effect of age discrimination abilities (Buss et 
al., 2017; Deroche et al., 2012). One study (Buss et al., 2017) suggested that children 
reach adult-like discrimination abilities around 11.5 years of age, whereas the other study 
(Deroche et al., 2012) did not see an age effect. Rather, the study by Deroche and 
colleagues (Deroche et al., 2012) noted that children across their age span (6 – 16) years 
presented with adult-like discrimination thresholds.  




tongue tip, Ghosh et al., 2010), these are more relevant to examination of speech 
production rather than voice. Measures of laryngeal somatosensation thresholds are more 
invasive in nature, as they require direct contact with the vocal folds via endoscopy. 
Based on the invasive nature of these tasks, they have only been performed in adults and 
have typically been evaluated as detection thresholds, rather than discrimination abilities. 
In adults, somatosensory detection thresholds are determined with an endoscopic 
procedure in which puff of air is applied directly to the larynx and the participant 
indicates when they can feel the air puff (Aviv, Martin, Debell, Keen, & Blitzer, 1993; 
Bhabu, Poletto, Bielamowicz, Mann, & Ludlow, 2003; Hammer, 2009; Hammer & 
Barlow, 2010). The air puff is detected by the mechanoreceptors in the mucosa of the 
larynx; the amount of pressure from the air puff is comparable to the pressure that occurs 
during phonation (Ludlow, 2005). Due to the difficulty with endoscopic evaluations in 
children, there are no current research protocols that use this technique on children. 
However, application of the air puff to the larynx also exhibits a reflex, called the 
laryngeal adductor reflex. This reflex is examined clinically in children as it provides 
information on swallowing safety; the pressure from the air puff is similar to the pressure 
exerted during a swallow (Ludlow, 2005). Clinical examination suggests that air puff 
thresholds for eliciting a laryngeal adductor reflex are comparable between children and 
adults (Martin et al., 1994; Thompson, Rutter, Willging, Rudolph, & Cotton, 2005).  
 Feedback control of voice 
Auditory feedback control of voice has been examined via vocal responses to 




2007; Larson, Sun, & Hain, 2007) or fo (i.e. pitch-shifts, Burnett et al., 1998; Burnett et 
al., 1997; Hain et al., 2000). The majority of studies examine changes in fo, called pitch-
shifts. Pitch-shifts are evaluated for both response magnitude, that is, the change in fo in 
response to the pitch-shifts, as well as the timing of the response compared to when the 
pitch-shift was presented, called response latency. Magnitudes of the vocal response do 
not show an effect of age when comparing younger children, older children, and adults 
(Liu, Russo, & Larson, 2010; Scheerer, Jacobson, & Jones, 2016a; Scheerer et al., 2013).  
However, studies have found that young toddlers had more variable voices (i.e., increased 
standard deviation of fundamental frequency) than older toddlers (Scheerer et al., 2016a), 
children had more variable voices than adults (Scheerer et al., 2013), and in both children 
and adults, vocal variability is positively correlated with response magnitude (Scheerer, 
Jacobson, & Jones, 2015; Scheerer et al., 2016a; Scheerer & Jones, 2012; Scheerer et al., 
2013). Additional developmental trends have been noted in examination of the timing of 
the vocal response (i.e., latency). In children, the latency of the vocal response is 
approximately 100 milliseconds (ms) longer than adults, posited to be due to the 
immature neural system (Liu et al., 2010; Scheerer et al., 2013). 
The magnitude of the vocal response to an auditory perturbation provides 
information on auditory feedback control, as larger vocal responses may suggest close 
auditory monitoring of vocal output and therefore increased susceptibility to pitch-shifts. 
A common finding in pitch-shift studies is that the vocal response magnitude is smaller 
than the magnitude of the pitch-shift itself (Burnett et al., 1998; Burnett et al., 1997; Hain 




pitch-shift elicits a corrective command from the auditory feedback controller, yet these 
changes in audition do not result in a corrective command from the somatosensory 
feedback controller as somatosensation has not been altered. It is not until the vocal 
response begins to incorporate the corrective motor commands from the auditory 
feedback controller that a somatosensory error occurs (Larson et al., 2008), and the 
somatosensory error is in the opposite direction of the auditory error. While 
somatosensory feedback control has not been directly examined in children, masking of 
auditory feedback does increase the stability of voice (Kumar, Azeem, Choudhary, & 
Prakash, 2013), potentially suggesting that reliance on auditory feedback may be 
responsible for increased vocal variability. However, additional research is needed to 
directly explore somatosensory feedback in relation to fo control in children.  
 Feedforward control of voice: evaluated via sensorimotor adaptation 
Sensorimotor adaptation (SA) is the when information from feedback controllers is 
used to update and tune the motor program of the feedforward controller. Behaviorally, 
SA of fo is examined via the vocal response to surreptitious sustained pitch changes over 
time (Hawco & Jones, 2009; Jones & Keough, 2008; Jones & Munhall, 2000; Scheerer et 
al., 2015; Scheerer, Tumber, & Jones, 2016b). During a vocal response, the initial tens of 
milliseconds provide information on the stored motor program (Hawco & Jones, 2009; 
Scheerer & Jones, 2018b), as the weighting of feedforward control is high during this 
time period as corrections from auditory feedback control occur on a timescale of 100 – 
150 ms (Burnett et al., 1998; Burnett et al., 1997; Hain et al., 2000). Only one study to 




sustained pitch-shift held constant over 20 trials (Scheerer et al., 2015). Analysis of the 
median fo for the first 50 ms as an index of feedforward control indicated that children 
and adults had similar SA.  Overall, multiple factors may contribute to the weighting of 
these control systems, and further work is needed to determine the cause of feedback and 
feedforward control weighting change throughout development. 
 Relationships among discrimination, feedback, and SA in children 
All the models discussed in 1.3.1 include feedback control for online monitoring 
of voicing, a forward model for fluent production, and the ability to detect errors through 
a sensory modality. Therefore, a comprehensive examination of vocal motor control 
would include evaluation of discrimination abilities, feedback control, and SA. To date, 
this type of comprehensive experiment examining vocal motor control has not been 
completed in either adults or children. A few studies have examined the relationship 
between SA and perception or SA and feedback in either speech or voice in children. 
Scheerer and colleagues (Scheerer et al., 2015) examined both sustained SA of fo and 
short duration pitch-shifts in children (3 – 8 years) and adults. The sustained SA of fo 
provided information on the participants’ abilities to update their productions based on 
sustained pitch-shifts, providing information on feedforward control. The short duration 
pitch-shifts occurred over an entire trial, with pitch-shifted trials interspersed between 
unshifted trials. Of note, this is a different paradigm than what is typically used to 
examine feedback responses, in which pitch-shifts occur at an unexpected point during 
the trial. Therefore, authors suggested that vocal responses from this paradigm would 




internal model of the production, rather than a measure of their feedback control in an 
ongoing utterance. Results indicated that adults had larger vocal responses to both 
paradigms, and comparisons were not made between the two different vocal responses 
(Scheerer et al., 2015).  
In the speech domain, Shiller and colleagues (Shiller, Gracco, & Rvachew, 2010) 
examined the relationship between the perceptual category between /s/ and /∫/ and SA to a 
shift in the centroid frequency of /s/ in children 9 – 11 years of age. Results indicated that 
children’s perceptual boundary between the two phonemes was less precise than adults, 
yet examination of vocal responses indicated a comparable, but more variable, SA 
response. Furthermore, examination of the perceptual category between /s/ and /∫/ directly 
after the SA task indicated a category boundary shift in adults that was not present in 
children. Authors hypothesized that although children were able to adapt to changes, the 
increased variability of their productions may result in less dependence on their own 
auditory feedback (Shiller et al., 2010). Terband and colleagues noted that the 
compensation magnitude to first and second formant shifts were not correlated with 
measures of word or nonword discrimination in children aged 4 – 9 years (Terband, van 
Brenk, & van Doornik-van der Zee, 2014). Finally, Demopoulos and colleagues 
(Demopoulos et al., 2018) examined the vocal response of children (11 – 15 years) to 
unexpected pitch-shifts as well as SA responses to sustained formant changes. However, 
the children were used as a control group for a clinical population and therefore, neither 
results between pitch-shift response and formant SA nor comparisons to adults were 




1.4 Purpose of the current work 
The purpose of this work was to investigate voice and vocal motor control in school-
age children with and without vocal fold nodules (VFN). The research on the voices of 
children both with and without VFN is sparse, thereby impeding clinical advancement in 
treating children with voice disorders. Thus this dissertation is composed of three studies 
focused specifically on vocal motor control in children. Chapter two examines the 
acoustic measure of relative fundamental frequency in children with and without VFN. 
Chapter three evaluates auditory discrimination to vocal fundamental frequency in 
children with and without VFN.  Chapter four provides a comprehensive examination of 
vocal motor control in children and adults without voice disorders, detailing feedback, 
SA, and pitch discrimination abilities. Chapter five synthesizes the previous chapters in 
relationship to vocal motor control of children with and without voice disorders.  Future 




Chapter 2. Relative Fundamental Frequency in Children with and without Vocal 
Fold Nodules 
2.1 Abstract 
Purpose: This study examined whether relative fundamental frequency (RFF) was 
different between school-age children with vocal fold nodules (CwVN) and age- and sex-
matched children with typical voices (CwTV).   
Method: RFF was analyzed in 20 CwVN (Mean = 9.0 years) and 20 CwTV (Mean = 8.9). 
RFF is measured from phonetically governed devoicing and voicing transitions that 
precede and follow a voiceless consonant. The instantaneous fundamental frequency (fo) 
of the 10 vocal cycles preceding the voiceless consonant (vocal offset) and the 10 cycles 
following the voiceless consonant (vocal onset) were analyzed.  
Results: Average RFF values for offset cycle 10 and onset cycle 1 did not differ between 
CwVN and CwTV, however, variability of offset cycle 10 was decreased in CwVN. Across 
both groups, male children had lower offset cycle 10 RFF values as compared to female 
children. Additionally, onset cycle 1 values were decreased in younger children as 
compared to older children.  
Conclusions: Unlike previous work with adults, CwVN did not have significantly different 
RFF values than CwTV. Vocal onset cycle 1 RFF values may provide information on 





2.2 Introduction  
The presence of dysphonic vocal quality in a child requires direct attention, as 
there are significant negative functional, physical, emotional, and social effects that can 
occur (Carroll et al., 2013; Connor et al., 2008; Verduyckt et al., 2011). The previously 
held belief that children with voice disorders are not aware of changes in their own voice 
e.g., (e.g., Andrews, 1986) is no longer accepted as truth (Connor et al., 2008), with 
evidence suggesting that children with voice disorders have negative feelings about their 
vocal qualities (Connor et al., 2008; De Nil & Brutten, 1990). From an external 
perspective, when people listen to the voices of dysphonic children, they are judged more 
negatively on personality and physical traits (Lass et al., 1991a; Lass et al., 1991b; 
Ruscello et al., 1988), with work showing these negative attitude towards children with 
dysphonic voice was also found from teachers(Ma & Yu, 2013; Zacharias et al., 2013). 
Coupled with the finding that many children with dysphonia are fearful or hesitant to 
participate in class (Connor et al., 2008), these negative attitudes towards children with 
dysphonia may have a detrimental effect on academic outcomes. Overall, dysphonia in a 
child can cause significant educational, psychological, physical, and social negative 
consequences. 
The most common cause of dysphonia in children is vocal fold nodules (VFN). 
VFN are benign lesions that typically occur at the junction of the anterior and medial 
portions of the vocal folds (Angelillo et al., 2008; Kiliç et al., 2004; Leeper Jr et al., 
1980; McMurray, 2010; Miller & Madison, 1984; Mortensen et al., 2010; Shah et al., 




2012), but patterns have emerged in both children and adults with VFN that provide 
insights into the development of VFN. In adults, VFN are thought to occur due to 
hyperfunctional voicing patterns that include increased vocal fold tension and increased 
collision forces of the vocal folds during phonation (Hillman et al., 1989). However, 
there are differences between children and adults in both structure and functional 
movements of the vocal folds, which preclude the assumption that the development of 
VFN in children is the same as in adults. In addition to the obvious size differences 
between the pediatric and adult larynx (Hirano et al., 1983), there are also differences in 
the tissue properties and microstructure of the vocal folds (Gray, 2000; Gray, Alipour, 
Titze, & Hammond, 2000; Hammond et al., 2000; Hartnick et al., 2005; Hirano et al., 
1983). The functional repercussions of these structural differences are evident in the 
speech acoustics (Bennett, 1983; Glaze et al., 1988; Glaze et al., 1990; Kent, 1976; 
Nicollas et al., 2008; Stathopoulos & Sapienza, 1993; Sussman & Sapienza, 1994; 
Wilson, 1987), aerodynamic measurements (Keilmann & Bader, 1995; McAllister et al., 
1994; Stathopoulos & Sapienza, 1997), and both vibrational and articulatory movements 
of the vocal folds (Döllinger et al., 2012; Patel et al., 2015; Patel et al., 2014b). For this 
reason, children with VFN should be examined independently from adults with VFN. 
Hyperfunctional vocal patterns are often referenced in the current literature when 
discussing children with voice disorders (e.g., Lee & Son, 2005; Shah et al., 2005; 
Wilson, 1987; Woodnorth & Nuss, 2009). Reducing these patterns is a frequent target of 
voice therapy (Lee & Son, 2005; Verdolini Abbott, 2013; Verdolini Abbott et al., 2010; 




children (Allen et al., 1991; Connelly et al., 2009; Moran & Pentz, 1987; Signorelli et al., 
2011). Descriptors of hyperfunctional voicing patterns in children with VFN include 
increased supraglottic compression (Lee & Son, 2005; Shah et al., 2005), use of a 
‘pressed voice’ (McMurray, 2010; Verdolini Abbott et al., 2010), increased tension 
inferred from increased fundamental frequency (fo) (Hufnagle, 1982), increased vocal 
strain (Lee & Son, 2005), and increased speed of vocal fold closure during vibration 
(Patel et al., 2016). Hyperfunctional voicing patterns are seen both in children with large 
and small VFN. For example, in children with large VFN, authors have suggested that the 
presence of supraglottic compression may be a compensatory strategy to overcome the 
glottal gap caused by the presence of the large VFN (Nuss et al., 2010; Shah et al., 2005; 
Woodnorth & Nuss, 2009). However, supraglottic compression has also been noted in 
children with small VFN, evaluated by the authors to be disproportionate to the size of 
the lesion and therefore suggesting a functional etiology (Shah et al., 2005; Woodnorth & 
Nuss, 2009). Overall, it is difficult to discern whether a hyperfunctional voicing pattern in 
a child with VFN is a necessary compensatory strategy to achieve voicing or an 
unnecessary vocal misuse strategy that would be an appropriate target of voice therapy. 
The difficulty may contribute to the varied levels of success noted in voice therapy 
practices for children with VFN (Deal et al., 1976; Hartnick et al., 2018; Lee & Son, 
2005; Mori, 1999; Şenkal & Çiyiltepe, 2013; Tezcaner et al., 2009; Trani et al., 2007; 
Valadez et al., 2012) and highlights the need for objective measures of tracking 
hyperfunctional voicing behaviors that are amenable to voice therapy. An ideal objective 




voice therapy and not rely on structural changes (i.e., resolution of nodules), which may 
take years to occur (Nardone et al., 2014). 
An acoustic measure that shows promise in detecting functional voice changes in 
adults is relative fundamental frequency (RFF, Heller Murray et al., 2017; Lien et al., 
2015a; Roy et al., 2016; Stepp et al., 2010). RFF examines the instantaneous fo of the 
vocalic devoicing and voicing gestures preceding and following a voiceless consonant. 
Discussed in detail in previous work (Heller Murray et al., 2017; Stepp et al., 2011b), fo 
changes during the phonetically governed vocal onsets and offsets. These vocal onsets 
and offsets are thought to be impacted by a combination of factors, including the pressure 
changes across the glottis (Ladefoged, 1967; Löfqvist et al., 1995; Löfqvist & McGowan, 
1992) and changes in laryngeal tension (Halle & Stevens, 1971; Stevens, 1977). The 
modulation of laryngeal tension is necessary to both start and cease vocal fold vibrations. 
Compared to vocally healthy adults, adults with hyperfunctional voice disorders have a 
larger decrease in fo for both the vocal onset and offset cycles closest to the voiceless 
consonant (Heller Murray et al., 2017; Lien et al., 2015a; Stepp et al., 2010). The 
hypothesized primary pathophysiological difference in adults with hyperfunctional voices 
is the presence of increased baseline laryngeal tension; this increase in baseline tension 
allows for less purposeful use of laryngeal tension during vocal onset and offset (Heller 
Murray et al., 2017; Stepp et al., 2011b). This is further supported by the sensitivity of 
RFF to: 1) voice disorders that are hypothesized to have functionally different etiologies 
(Heller Murray et al., 2017; Stepp et al., 2011b), 2) functional changes in voice that occur 




periods of high voice use (Heller Murray et al., 2016), and 4) experimental manipulations 
of increased vocal effort in adults with healthy voices (Lien et al., 2015b; McKenna et al., 
2016). Additionally, RFF has been shown to correlate with auditory-perceptual ratings of 
vocal strain and vocal effort (Eadie & Stepp, 2013; McKenna & Stepp, 2018; Roy et al., 
2016; Stepp et al., 2012), which are common auditory-perceptual measures used to 
determine voice therapy success. Conversely, RFF remains unchanged after surgical 
removal of vocal lesions (Stepp et al., 2010), suggesting that RFF values are not 
significantly impacted by purely structural laryngeal changes. RFF shows significant 
promise in its usability to detect functional vocal changes in adults, yet, no study to date 
has examined whether children with VFN demonstrate similar hyperfunctional voicing 
patterns. 
In children without voice disorders, a few studies have examined instantaneous fo 
changes during devoicing and voicing onset gestures in relation to development. 
Evaluation of vocal offsets indicates that patterns of decreased fo are seen in children as 
young as 2 – 3 years of age (Arenas et al., 2012), and that average vocal offset fo values 
do not vary as a function of development (Robb & Smith, 2002). For vocal onset, 
however, fo values do vary as a function of development. In children 1 – 2 years of age, 
the fo of the first onset cycle was not significantly different than the remaining onset 
cycles (Robb & Saxman, 1985), with the expected pattern of decreasing fo during vocal 
onset emerging around 2 – 3 years of age (Arenas et al., 2012; Robb & Smith, 2002). 
Additionally, average vocal onset fo values are different between children and adults; four 




like onset fo values emerge around 8 – 9 years of age (Ohde, 1985; Robb & Smith, 2002). 
The variability of between-token production showed developmental trends for both vocal 
onset and offset fo. Younger children demonstrate increased variability as compared with 
older children and adults (Arenas et al., 2012; Ohde, 1985; Robb & Smith, 2002), 
potentially suggesting that more variable vocal mechanism is an indicator of an immature 
system that becomes more stable throughout development.  
The current study sought to examine whether RFF varied based on age, voice 
disorder status, and sex in a group of school-age children with vocal fold nodules 
(CwVN) and age- and sex-matched children with typical voices (CwTV). We 
hypothesized that, similar to previous work (Ohde, 1985; Robb & Smith, 2002), children 
under the age of nine would have lower vocal onset RFF values, no difference in vocal 
offset RFF values, and more variable vocal onset and offset values as compared to older 
children. Additionally, we hypothesized that CwVN would have lower RFF values for 
both vocal onset and vocal offset values, similar to what is seen in adults with VFN 
(Heller Murray et al., 2017; Lien et al., 2015a; Stepp et al., 2010).  
2.3 Methods 
 Participants 
 Children with vocal fold nodules (CwVN) 
Twenty-eight CwVN (15 male, 13 female) were retrospectively selected from a 
clinical database at Boston Children’s Hospital. Inclusion criteria for the CwVN group 
included participants who: 1) were between 6.0 – 12.5 years of age, 2) had a primary 




voice therapy, 4) had a score of 25 or greater for overall severity of voice, rated on the 
Consensus Auditory-Perceptual Evaluation of Voice (CAPE-V, Kempster, Gerratt, 
Abbott, Barkmeier-Kraemer, & Hillman, 2009) by a certified speech-language 
pathologist during the initial clinical evaluation, 5) did not have speech, language, or 
hearing concerns noted in their voice evaluation report, and 6) had usable high-quality 
voice recordings from their initial clinical evaluation as determined by the first author 
(E.H.M.). Clinical voice recordings were reviewed chronologically from 2007-2015 for 
selection of participants, with comparable sex1 distribution selected for the current study. 
Boston Children’s Hospital Institutional Review Board approved the retrospective search 
for the current study, and permitted reliance on the Boston University Institutional 
Review Board for full study review. At Boston Children’s Hospital, more males than 
females are seen in the voice clinic for VFN (Shah et al., 2005); for this current study, 
however, similar group sizes were selected in order to examine any potential effects of 
sex. Following selection of all participants, the CwVN group was further subdivided by 
age for all analyses into younger (N = 14; mean (M) = 7.6 years; range = 6.2 – 8.7 years; 
7 male, 7 female) and older (N = 14; M = 10.4 years; range = 9.2 – 12.3 years; 8 males, 6 
females) age groups. All recordings were acquired in a sound-treated room by certified 
speech-language pathologists using the Computerized Speech Lab (Pentax Medical, New 
Jersey, USA) with a 32.0 kHz sampling rate and with a 16-bit resolution. Information on 
microphones used during recordings was not available. 
                                                                        
1 Information on gender identity was not available for the current study. We acknowledge that using 




 Children with typical voices (CwTV) 
Twenty-eight CwTV (15 male, 13 female) were prospectively collected as age- 
and sex- matched controls for the CwVN. After selection, the CwTV group was 
subdivided by age for all analyses in younger (N = 14; M = 7.6 years; range = 6.4 – 8.7 
years; 6 male, 8 female) and older (N = 14; M = 10.3 years; range = 9.0 – 12.0 years; 9 
males, 5 females). All children aged 7.0 years or older provided verbal assent, dissent 
was respected for all children under 7.0 years of age, and all guardians provided written 
consent. Consent and assent were in compliance with the Boston University Institutional 
Review Board. Data were recorded in a sound-treated room at Boston University using a 
dynamic headset microphone (model WH20XLR; Shure, Niles, IL), sampled at 44.1 
kilohertz (kHz) with 16-bit resolution. Participants had no history of a voice disorder and 
had not received speech or language therapy within the past year. All participants passed 
an audiometric hearing screening at 25 dB hearing level (HL) or better at the frequencies 
0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz, 6 kHz, and 8 kHz.  
 RFF stimuli selection and analysis 
Speech samples, shown in Table 2-1, were four sentences from the Consensus 
Auditory-Perceptual Evaluation of Voice (CAPE-V, Kempster et al., 2009), with each 
participant repeating each sentence between one and three times. Previous work has 
indicated that RFF measures in adults are more valid when analyzed from at least six 
instances (Eadie & Stepp, 2013); therefore speech segments chosen for RFF analysis 
included eight vocal onset and eight vocal offset instances (see Table 2-1). Acoustic 




work (Lien & Stepp, 2014; Watson, 1998), to remove excessive noise from the vocal 
tract and background noise during the recording. Preliminary analyses prior to filtering 
indicated that the highest cycle fo was 580 Hz; therefore a cutoff frequency of 100 Hz 
higher (i.e., 680 Hz) was selected for the low pass filter. 
Table 2-1 Sentences chosen for analysis from Consensus Auditory-Perceptual 







The blue spot is on the key again Blue spot 
The key 
 /u sp/ 
 /ʌ k/ 
/spɑ/ 
/ki/ 
We eat eggs every easter easter /ist/ /stər/  











/ʌ p/ /ik/ 
/pi/ 
/ki/ /p æ/ 
/pi/ 
 
Consistent with previous work (e.g., Heller Murray et al., 2016; Lien, Gattuccio, 
& Stepp, 2014; Lien & Stepp, 2014; Stepp, 2013; Stepp et al., 2011a; Stepp et al., 2010), 
RFF values were calculated from the 10 cycles preceding the voiceless consonant (vocal 
offset) and the 10 cycles following the voiceless consonant (vocal onset). RFF was 
manually calculated using Praat (Boersma & Weenink, 2014) by two trained technicians 
(Figure 2-1). An RFF instance was not included in the final analysis if the production was 
glottalized, had less than 10 vocal cycles, or if the consonant was inappropriately voiced. 
To obtain measures of reliability, 40% of the total participants were selected; half were 
originally analyzed by one technician and half by the other. Each technique repeated all 




Reliability analysis was conducted at least two months following the original analysis. 
Pearson’s correlation coefficient was calculated for both intra-rater reliability (technician 
1: r = 0.90; technician 2: r = 0.92) and inter-rater reliability (r = 0.86).  
 
To calculate the RFF values of the offset vowel, the experimenter visually 
identified the cycle closest to the voiceless consonant (offset cycle 10) and used the pulse 
feature in Praat (Boersma & Weenink, 2014) to acquire the timing of offset cycle 10 as 
well as the 9 cycles preceding it (offset cycles 1 – 9). Instantaneous fo values for each 
cycle (𝑓𝑐𝑦𝑐𝑙𝑒) were calculated from the inverse of the period, computed from the timing 
of each cycle. In order to compare across individuals with different baseline fo values, all 
cycles were converted to semitones (ST) using a reference cycle (𝑓𝑟𝑒𝑓) calculated during 
Figure 2-1. Filtered waveform showing the vocal offset and vocal onset of /u/ and /ɑ/ from 
the phrase ‘blue spot.’ The cycles closet to the voiceless /sp/ (offset cycle 10, onset cycle 
1) as well as the reference cycles from the steady point of the vowels (offset cycle 1, onset 




a steady state portion of the vowel (offset cycle 1) using Equation 2-1. A similar 
procedure was completed to calculate RFF values for the onset vowel: the cycle closest to 
the voiceless consonant was identified (onset cycle 1), the timing of the following 9 
cycles (onset cycles 2 – 10) were calculated, and the instantaneous fo of each cycle was 
converted to ST in reference to onset cycle 10 with Equation 2-1. Following conversion 
to ST, if the cycle closest to one of the reference cycles (that is, either offset cycle 9 or 
onset cycle 2) had a value of + 0.8 ST the instance was removed as this suggested that the 
vowel was not at steady state. 
  
Equation 2-1 





      
 Data analysis 
 Number of usable RFF instances 
Previous work has discussed the importance of understanding the impact that the 
number of usable instances has on calculation and interpretation of RFF values (Roy et 
al., 2016); therefore, number of usable instances was examined in the current dataset. To 
quantify whether the number of usable instances was related to any additional factors, 
two three-way Analyses of Variance (ANOVAs) examined whether group (CwTV; 
CwVN), age (young, old), sex (male, female) or any of the two- or three-way interactions 




 Offset cycle 10 and onset cycle 1 RFF 
Offset cycle 10 and onset cycle 1 are known to be significantly different between 
adults with and without  voice disorders (Heller Murray et al., 2017; Lien et al., 2015a; 
Stepp et al., 2010; Stepp et al., 2012) as well as significantly different between adults 
with VFN and adults with other voice disorders (Heller Murray et al., 2017; Stepp et al., 
2010). Therefore these two cycles were used for the remainder of the analyses. Two 
three-way ANOVAs examined the effect of group (CwTV, CwVN), age (young, old), sex 
(male, female), and all two- and three-way interactions on average offset cycle 10 and 
onset cycle 1 RFF values. To examine variability of RFF values, two additional three-
way ANOVAs examined the effect of participant group (CwTV, CwVN), age (young, 
old), sex (male, female), and all two- and three-way interactions on the standard 
deviations of offset cycle 10 and onset cycle 1 RFF across instances. For all ANOVAs, 
Tukey post hoc analyses were conducted with a corrected alpha level of 0.05. Cohen’s d 
effect sizes were calculated to further assess statistically significant pairwise group 
differences. Cohen’s d values were designated as either small (0.2 – 0.3), medium (~0.5), 
or large (> 0.8) effect sizes (Witte & Witte, 2010). Effect sizes for the factors were 
calculated using a squared partial curvilinear correlation (ηp
2). 
 Perceptual ratings of vocal strain 
A single experienced speech-language pathologist (SLP) perceptually rated the 
vocal severity of all speech samples using the CAPE-V rating scale (Kempster et al., 
2009). The SLP repeated 20% of the samples for intra-reliability (r = 0.93) and an 




there is some evidence that RFF values are correlated with perception of vocal strain 
(Eadie & Stepp, 2013; Lien et al., 2015b);, therefore a post hoc analysis was completed to 
examine the relationship between RFF and strain in both groups (CwTV, CwVN).  
2.4 Results 
 Number of usable RFF instances 
The average number of usable instances were comparable between groups 
(CwTV: offset = 8.9, onset = 8.7; CwVN: offset = 8.7, onset = 8.0). There were no 
significant effects of either group (CwTV, CwVN), age (young, old), sex (male, female), 
or the interaction among these factors for either offset or onset cycles (all p > 0.05).  
 Offset cycle 10 and onset cycle 1 RFF 
Both groups had a decrease in fo from the first to the last offset cycle and the first to the 





 Average RFF values 
Results of the three-way ANOVAs examining onset cycle 1 and offset cycle 10 
average RFF values are displayed in Table 2-2 and Figure 2-2. There was a main effect of 
sex (p = 0.02) on offset cycle 10 RFF values. Post hoc testing indicated that males had 
significantly lower average offset cycle 10 RFF values (M = -0.70 ST) as compared to 
females (M = -0.08 ST), with a medium-to-large effect size (Cohen’s d = 0.69). There 
were no significant effects of either age or group on average offset cycle 10 RFF values.  
Figure 2-2. Mean and 95% confidence intervals for vocal offset 
and vocal onset relative fundamental frequency (in semitones, 





There was a main effect of age (p = 0.02) on onset cycle 1 RFF values. Post hoc 
testing indicated that younger children had significantly lower average RFF values for 
onset cycle 1 (M = 1.81 ST) than older children (M = 2.47 ST), with a medium-to-large 
effect size (Cohen’s d = 0.72). There were no significant effects of sex or group on 
average onset cycle 1 RFF values. 
Table 2-2. Results of three-way ANOVA on RFF mean values.  
 Offset cycle 10 Onset cycle 1 
Effect F p ηp
2 F p ηp
2 
Age (young, old) 0.49  0.49 -- 5.64  0.02* 0.12 
Group (CwTV, CwVN) 0.04  0.85  -- 0.19 0.67 -- 
Sex (male, female) 6.32   0.02* 0.12 0.57 0.45 -- 
Age × Group 0.00 0.97 -- 0.47 0.50 -- 
Age × Sex  1.72 0.20 -- 0.59 0.45 -- 
Group × Sex 1.22 0.27 -- 0.06 0.81 -- 
Age × Group × Sex 0.01 0.94 -- 0.75 0.39 -- 
*significant p < 0.05 
-- effect size not reported if effect was not significant 
 
 RFF variability  
Results of the three-way ANOVAs examining the standard deviation of onset 
cycle 1 and offset cycle 10 RFF values (used as a metric of RFF variability) are displayed 
in Table 2-3 and Figure 2-3. There was a main effect of group (p = 0.02) on offset cycle 
10 RFF variability. Post hoc testing indicated there was significantly less variability in 
offset cycle 10 RFF in the CwVN (M = 1.49 ST) as compared to the CwTV (M = 1.93 
ST), with a medium effect size (Cohen’s d = 0.59). There were no significant effects of 






There was a significant interaction of age and group on the variability of onset 
cycle 1 RFF values; however, paired comparisons with post hoc Tukey tests did not reach 
significance. Qualitatively, there was a trend indicating that the younger CwTV group (M 
= 2.13 ST) had increased variability compared to the older CwTV group (M = 1.52 ST), 
whereas for the CwVN the opposite effect was observed; the younger CwVN group (M = 
1.78 ST) showed decreased variability compared to the older CwVN group (M = 2.23 
ST). 
Figure 2-3. Mean and 95% confidence intervals for vocal offset and 
vocal onset relative fundamental frequency (in semitones, ST) 





Table 2-3. Results of three-way ANOVA on RFF variability. 
 Offset cycle 10 Onset cycle 1 
Effect F p ηp
2 F p ηp
2 
Age (young, old) 0.06 0.82 -- 0.82 0.37 -- 
Group (CwTV, CwVN) 5.42  0.02* 0.09 0.14 0.71 -- 
Sex (male, female) 2.23 0.14 -- 0.94 0.34 -- 
Age × Group 2.49 0.12 -- 7.29  0.01* 0.16 
Age × Sex  1.00 0.32 -- 1.37 0.25 -- 
Group × Sex 0.00 0.95 -- 3.86 0.06 -- 
Age × Group × Sex 0.39 0.54 -- 0.23 0.63 -- 
*significant p < 0.05 
-- effect size not reported if effect was not significant 
 Perceptual ratings of vocal strain 
The relationships between expert-perceptual ratings of vocal strain and both RFF 
means and RFF standard deviations are depicted in Figure 2-4. As the results are from a 
single rater, statistical analysis was not conducted. Qualitatively, vocal strain increased 






 Vocal onset 
Onset cycle 1 RFF values were lower in younger children (< 9 years of age) as 
compared to older children (> 9 years of age). These age differences are consistent with 
previous works, which suggest that vocal onset values change during maturation and that 
similar vocal onset values are seen between 8 – 9 year olds and adults (Arenas et al., 
2012; Ohde, 1985; Robb & Smith, 2002). The difference in vocal onset fo as a function of 
Figure 2-4. Comparison between vocal strain ratings and average RFF values in semitones 
(ST) and the variability of RFF values (ST) for offset cycle 10 and onset cycle 1. Each 
marker is an individual participant in either the CwVN group (solid green circles) or 




age may be attributed to the maturity of the laryngeal structure, improved laryngeal 
control, or a combination of both of these structural and functional changes. Evidence 
points to the mature three-layer vocal fold structure emerging between age seven and 
puberty (Hartnick et al., 2005; Hirano et al., 1983). The timing of these structural changes 
suggests there may be a larger percent of children in the older group who each have a 
mature laryngeal structure, thereby resulting in more adult-like RFF values.  
In addition to these structural changes, speech motor control is developing during 
development, with reduced speech variability observed between 8 – 12 years of age 
(Kent, 1976). One feature of speech motor control related to laryngeal function is voice 
onset time (VOT), defined as the time between the release of the burst in a stop 
consonant and the voicing of the next vowel (Lisker & Abramson, 1964). In the mature 
system, VOT is shorter after voiced consonants as compared to a voiceless consonants, 
however, this differentiation is not as clear in younger children (Eguchi & Hirsh, 1969; 
Kent, 1976). Previous work has indicated that younger children have increased variability 
and decreased differentiation between their VOTs for voiced and voiceless stops, with 
both of these factors reaching adult-like levels around eight years of age (Eguchi & 
Hirsh, 1969). The current work adds continued support to the idea that phonetically 
governed vocal onsets vary throughout development, suggesting reduced variability may 
be partially attributable to the maturation of the laryngeal motor control system.  
 Vocal offset 
There was no significant difference between age groups for average offset cycle 10 




noted for average offset cycle 10, with male participants showing lower RFF values than 
female participants. Previous acoustic examination of sex differences in children has 
shown a primary differentiation after puberty, with little difference noted before that time 
period (e.g., Kent, 1976). Similarly, vocal fold size, composition, and general laryngeal 
size show few differences before puberty (Hartnick et al., 2005; Hirano et al., 1983); yet, 
during puberty the male larynx undergoes larger changes in physical size and weight than 
the female larynx (Kahane, 1978). The presence of these larger changes in the male 
structure as compared to the female larynx may lead to periods of functional misuse as 
the child is adapting to his drastically changing larynx during the pubertal period. These 
results may suggest a more hyperfunctional vocal pattern in males, potentially making 
males more predisposed to the development of VFN. This concept has been suggested 
previously as a potential explanation for why in male children have a higher incidence of 
VFN compared to female children (Dobres et al., 1990; Shah et al., 2005). In an 
examination of vocal fold vibration, Patel and colleagues (Patel et al., 2012) noted that 
some male children exhibited an hourglass closure, potentially suggesting high impact 
stress phonatory patterns at the mid-membranous portion of the vocal folds where 
nodules develop. A potential limitation of the current study is that we did not have access 
to the information regarding whether participants had gone through puberty. However, 
because the sex effect was not impacted by age, it is unlikely puberty had a significant 
contribution to this finding. Rather, the changes that occur in the male child’s larynx prior 
to puberty may be impacting the functional use of their voices, resulting in differences 




 Comparing CwTV to CWVN 
There were no group differences between CwVN and CwTV in mean RFF values for 
either offset cycle 10 or onset cycle 1. This is markedly different than previous findings 
of RFF differences between adults with and without voice disorders (Heller Murray et al., 
2017; Lien et al., 2015a; Stepp et al., 2010). One potential explanation for the lack of a 
group effect is that CwVN may not have hyperfunctional voicing patterns. The historical 
perspective on voice therapy in children has placed significant focus on the elimination of 
“vocal abuse” patterns, such as constant yelling, as this was thought to be one of the 
primary causes of voice disorder development in children (Andrews & Summers, 2002; 
Boone, 1993). Although these behaviors may play a contributory role, it is now widely 
accepted that children benefit from a direct behavioral voice therapy approach (Braden & 
Verdolini Abbott, 2018; Hartnick et al., 2018; Lee & Son, 2005; McMurray, 2010; 
Reynolds, Meldrum, Simmer, Vijayasekaran, & French, 2017; Tezcaner et al., 2009; 
Trani et al., 2007; Valadez et al., 2012; Verdolini Abbott et al., 2010), suggesting that 
there is a hyperfunctional component that can be successfully targeted. Yet, although 
inefficient vocal patterns can be targeted in therapy, it is not known if these patterns are 
the same in adults and children. Therefore, although it is unlikely that children do not use 
hyperfunctional voicing patterns, it is possible that the manner in which their voices are 
hyperfunctional is different from adults and not appropriately measured by RFF. Another 
possibility is both children with and without VFN are developing hyperfunctional as a 
natural pattern during development. Previous work examining the voices of children with 




2012), with one explanation being that both children with and without VFN are straining. 
Additional work is needed to examine the voicing patterns in CwTV as compared to 
adults, and examining potential changes that occur throughout development with regard 
to hyperfunctional voicing patterns.  
Unlike average RFF values, the variability of RFF differed between the CwTV and 
CwVN. The CwVN had less variable offset cycle 10 RFF values as compared to the 
CwTV. This may appear contradictory to current clinical practice, as clinicians often 
define a deviant voice as one with increased variability and aperiodicity in the acoustic 
signal (Campisi et al., 2002; Campisi et al., 2000; Gramuglia et al., 2014; Infusino et al., 
2015). However, there is also evidence that CwVN have reduced voice range profiles 
(Wuyts et al., 2003), which would suggest decreased flexibility of the vocal mechanism. 
Onset cycle 1 RFF variability also differed between groups in the present study, with a 
significant interaction between age and group found. However, direct paired comparisons 
did not reach significance after statistical correction. Therefore, although there was a 
qualitative difference between the groups, the lack of significance after statistical 
corrections and lack of main effects of age or group, suggest that there may not be a 
strong interaction between age and group. Rather, it is likely that in examining a measure 
of variability may also be variable within a group, suggesting that a larger group size 
would be needed to examine this variable. 
The relationship between the perception of vocal strain by one expert listener and 
variability of RFF values for the CwTV and CwVN groups is depicted in Figure 2-4. 




positive relationship with the perceptual rating of strain. This suggests that, for this expert 
rater, the variability in the voice may be one of the factors that is was attended to when 
making the perceptual judgment. Further work with an increased number of raters to 
evaluate this potential relationship is needed, though the current work provides initial 
evidence that perception of vocal strain may related to the variability of vocal onset and 
offset gestures. Further work should also examine additional measures of vocal 
hyperfunction, such as measurements of laryngeal tension through high-speed endoscopy 
(McKenna et al., 2016), to examine whether there is a relationship between these measure 
of laryngeal tension, perception of vocal strain and variability of RFF gestures.  
 Limitations and future directions 
This study was an initial examination of vocal onsets and vocal offsets in CwTV and 
CwVN; however, certain limitations should be considered when interpreting the findings 
of the study. In the current study, data from the CwVN group, with overall severity scores 
that were moderately dysphonic or greater, were collected retrospectively. It is possible 
that instructions on how to produce the sentences may have varied across data collection 
sites and subsequently any potential acquisition differences may have affected the results. 
Additionally, although there were no significant hearing concerns noted by either the 
parent or the treating physician at the time of the CwVNs’ voice evaluations, a hearing 
screening was not completed. Therefore, it is unknown whether hearing status differed 
between the CwVN and the CwTV groups. Finally, stimuli were obtained from standard 
clinical protocols. Previous work has indicated that consistent stimuli (Lien et al., 2014) 




therefore, the stress-patterns used could have influenced variability measures. Future 
work on this topic should be prospective in nature, allowing for all of the above 
limitations to be addressed and controlled for during data collection.  
2.6 Conclusions 
This study adds to the growing body of literature suggesting that a pediatric-specific 
framework is needed for examining children with voice disorders. In contrast to the 
effects observed in previous studies in adults, RFF means did not differ between children 
with and with VFN. RFF variability was different between the groups, with preliminary 
analysis indicating that variability was related to the perception of vocal strain in children 
with VFN. Age differences in onset cycle 1 RFF were noted, consistent with previous 
work suggesting that vocal onset may be related maturation of laryngeal motor control. 
Sex differences were observed for offset cycle 10, in which males had lower RFF values 
than females. Future work should continue to examine whether these sex differences 
noted in offset cycle 10 are related to the greater incidence of voice disorders in male 




Chapter 3. Vocal Pitch Discrimination in Children with and without Vocal Fold 
Nodules 
3.1 Abstract 
Purpose: The purpose of this study was to examine if vocal pitch discrimination differed 
in children with and without vocal fold nodules.  
Method: Twenty children with vocal fold nodules (CwVN; Mean (M) = 9.6 years), thirty 
children with typical voices (CwTV; M = 8.5 years), and fifteen adults (M = 21.1 years) 
completed a two-alternative forced choice (TAFC, Levitt, 1971; Macmillan & Creelman, 
2004) listening task. Participants made judgments on whether pairs of sustained /ɑ/ 
tokens were the same or different in pitch. Each pair consisted of a base token with a 
fundamental frequency (fo) of 216 Hz and a test token with an fo that was adaptively 
modified according to the participant’s prior judgments: correct judgments shifted the fo 
of the test token closer to the base token in a subsequent trial, whereas incorrect 
judgments shifted the fo further from the fo of the base token. Using this stair-step 
procedure, vocal pitch discrimination abilities were determined for each participant. 
Results: There were no differences in pitch discrimination abilities between CwVN and 
CwTV. Younger CwTV, under 8.5 years of age, had significantly poorer discrimination 
abilities than older CwTV and adults.  
Conclusions: CwVN did not have significantly different vocal pitch discrimination abilities 
than CwTV. Younger CwTV had poorer pitch discrimination abilities, whereas older 
CwTV had adult-like discrimination. This study suggests that vocal pitch discrimination in 





There is a shortage of pediatric-focused research within the greater field of voice 
disorders (Benninger, 2011a, 2011b), a fact that is troubling, since the presence of a 
dysphonic vocal quality can have a significant negative impact on a child (Carroll et al., 
2013; Connor et al., 2008; Verduyckt et al., 2011). The most common cause of dysphonia 
in children is vocal fold nodules (VFN), which are benign, callous-like lesions on the 
vocal folds (Angelillo et al., 2008; Kiliç et al., 2004; Leeper Jr et al., 1980; McMurray, 
2010; Miller & Madison, 1984; Mortensen et al., 2010; Shah et al., 2005; Shearer, 1972). 
Although the precise etiology of VFN remains unknown (Pedersen & McGlashan, 2012), 
it is frequently suggested that VFN are related to vocal use, vocal misuse, or vocal 
hyperfunction (Lee & Son, 2005; Shah et al., 2005; Verdolini Abbott, 2013; Verdolini 
Abbott et al., 2010; Watts, 2012; Wilson, 1987; Woodnorth & Nuss, 2009), and are 
therefore targeted with voice therapy (Allen et al., 1991; Connelly et al., 2009; Moran & 
Pentz, 1987; Ongkasuwan & Friedman, 2013; Signorelli et al., 2011). However, the lack 
of transparency with regard therapy treatments used, as well as differing outcome 
measures explored likely contribute to the varied success rates reported for pediatric 
voice therapy (Deal et al., 1976; Trani et al., 2007). Moreover, only a handful of studies 
prospectively examining the effect of voice therapy on children with vocal fold nodules 
(CwVN, Deal et al., 1976; Hartnick et al., 2018; Tezcaner et al., 2009; Trani et al., 2007).  
A single randomized clinical trial has been completed, the goal of which was to 
examine the effects of pediatric-focused voice therapy in CwVN ages 6 – 10 (Hartnick et 




and discussion of desired voice production, and a ‘direct’ therapy, focusing on motor 
learning tasks, resulted in improvement on outcome measures (Hartnick et al., 2018). 
However, further post-hoc analyses revealed there was a larger positive improvement in 
‘direct’ therapy as compared to ‘indirect’ therapy in older children (8 – 10 years), with 
authors suggesting that older children may be more cognitively able to learn the new 
motor patterns during the ‘direct’ therapy (Hartnick et al., 2018).  
An alternate (or perhaps, extended) hypothesis for differences seen between older 
and younger children in the clinical trial (Hartnick et al., 2018) may be that older children 
may have more developed auditory perceptual abilities. These improved abilities could 
allow them to better detect, learn, and implement vocal changes, as accurate 
discrimination may play a significant role in the ability to learn and apply new therapy 
tasks and strategies. Verdolini Abbott (2013) outlined important motor learning 
principles to focus on in voice therapy with children, with one principle discussing the 
outcome of how the voice sounds or feels, rather than the specific movements being 
practiced (Verdolini Abbott, 2013). There is some preliminary work that CwVN may 
possess differences in hearing as compared to children without voice disorders (Baker et 
al., 1982; Nagy et al., 2019). Incompetence or failure in detecting these vocal changes 
could result in an inability to make the vocal changes that are being targeted during voice 
therapy, thereby, potentially reducing the number of younger children who have 
successful outcomes. 
In previous work, these auditory discrimination abilities have been examined as a 




stimuli (Banai, 2008; Halliday et al., 2008; Jensen & Neff, 1993; Maxon & Hochberg, 
1982; Moore et al., 2008; Thompson et al., 1999), with only a few studies examining 
more complex stimuli, such as a consonant-vowel syllable or a speech-like harmonic 
structure (Buss et al., 2017; Deroche et al., 2012). Overall, these findings suggest that 
pitch discrimination (i.e., smallest difference in pitch an individual can reliably perceive) 
become more adult-like by at least eight years of age (Banai, 2008; Buss et al., 2017; 
Halliday et al., 2008; Jensen & Neff, 1993; Maxon & Hochberg, 1982; Moore et al., 
2008; Thompson et al., 1999). Yet, it should be noted that significant variability exists 
between these studies on the exact threshold that children become adult-like. This 
suggests that the reported thresholds may be partially attributed to the experimental 
methods used (Banai, 2008; Deroche et al., 2012; Sutcliffe & Bishop, 2005), attentional 
abilities of the participants (Moore et al., 2008), or other relevant participant 
characteristics that may not be directly related to age. As such, continued and well-
controlled work is necessary to further understand whether discrimination of complex 
stimuli, such as voice, changes throughout maturation. Understanding this trajectory may 
be especially important when providing therapy for children and adults with functional 
voice disorders, such as VFN. Specifically, there is emerging evidence suggesting that 
adults with vocal hyperfunction have poorer pitch discrimination of pure tones than 
vocally healthy controls (Heng Tam, Carding, & Madill, 2018), potentially affecting their 
abilities to notice subtle changes in their own voices.  
Direct examination of auditory discrimination has not been examined in CwVN; 




as compared to children without voice disorders. Through methods of parental 
interviews, Eggers and colleagues (2009) examined the loading of different traits on 
factors of temperament and personality in CwVN, children who stutter, and typically 
developing children. Results indicated that the trait of ‘perceptual sensitivity’ was loaded 
the least on the factor of ‘effortful control’ in CwVN. Based on these findings, the 
authors suggested that CwVN may be the least able group to use the detection of small 
changes as a self-regulation tool (Eggers et al., 2009). CwVN may also have differences 
in awareness and attention (D'Alatri et al., 2015; Green, 1989). Lee and colleagues (2018) 
conducted a systematic review to examine personality traits, psychological factors, and 
behavioral factors that may be related to CwVN. Differing results were found regarding 
inattentive behaviors, with some studies noting that children with voice disorders had 
higher scores of distractibility (Green, 1989), higher parental and teaching ratings of 
inattentiveness (D'Alatri et al., 2015), or were not different from matched controls (Erdur 
et al., 2016; Roy et al., 2007). This potential link between VFN and inattention in 
children is especially impactful when examining perceptual discrimination abilities. 
There is varying evidence regarding the effect of attention on discrimination abilities, 
with some studies suggesting that poorer discrimination abilities may be due to poor 
attention (Moore et al., 2008), or while other suggest that discrimination abilities are 
affected by attention (Thompson et al., 1999). These contrasting results may partially be a 
result of the influence of a chosen procedure on determining one’s discrimination 
thresholds (Banai, 2008). Therefore, when examining discrimination abilities in children, 




ability differences are not overshadowed by attentional ability differences.   
In a discussion on the optimal methods of testing auditory processing across the 
lifespan, researchers have noted that an ideal task is one that would require minimal 
memory and attentional demands, as those can vary greatly in certain age and/or clinical 
populations (Cacace & McFarland, 2013). Additionally, the language used to elicit a 
response can impact the results. Complex relational language, such as ‘higher’ or ‘lower’ 
has been shown to result in discrimination thresholds that are poorer than if less complex 
language was used, such as ‘same’ and ‘different’ (Andrews & Madeira, 1977). Due to 
the potential effects of task and attention on discrimination thresholds, tasks completed 
with children should not only use simple language and have low memory or attentional 
demands, but should also include estimates of attention in the design or analysis of the 
results. 
The current study examined the ability to discriminate vocal pitch using a simple 
paradigm with low memory, attention, and language demands. Vocal pitch was selected 
because it is a salient feature of voice that does not require extensive or complex training 
to understand. Vocal pitch discrimination thresholds and estimates of attention during the 
task were compared between a group of school-age CwVN and an age- and sex-matched 
group of children with typical voices (CwTV). We hypothesized that: 1) CwVN would 
have poorer discrimination abilities compared to their age- and sex- matched CwTV 
peers; 2) Children under 8.5 years of age would have decreased discrimination compared 
to older children and adults (similar to trends noted in previous works, with less complex 




Hochberg, 1982; Moore et al., 2008; Thompson et al., 1999)). To examine the overall 
trajectory of vocal pitch discrimination development, CwTV were also compared to 
vocally healthy adults.  
3.3 Methods 
 Participants 
Children over 7.0 years of age provided verbal assent and dissent was respected 
for children under 7.0 years of age. For all children in the study, guardians provided 
written consent. All adult participants provided written consent. Consent and assent were 
obtained in compliance with the Boston University Institutional Review Board and were 
approved by the Boston Children’s Hospital Institutional Review Board. All participants 
were compensated for participation and spoke English as their primary language; none 
were fluent in a tonal language.  
 Children with vocal fold nodules (CwVN) 
Twenty CwVN (mean (M)  = 9.9 years; range 7.2 – 12.5 years; 16 male, 4 female) 
were diagnosed with VFN by a board-certified laryngologist at Boston Children’s 
Hospital. The predominantly male participants are representative of the typical 
population that arrives at the clinic for evaluation and has been reported previously 
(Dobres et al., 1990). Four participants had a history of receiving speech or language 
services, either on an ongoing basis (N = 3) or in the past (N = 1). Data collection for 18 
of the participants was completed in the Boston Children’s Hospital clinic in a quiet 
examination room. At the time of their appointment, all participants also received a 




visit, as part of routine care to evaluate for potential otological issues; no participants 
were referred for an audiology follow-up after their appointment. The two remaining 
participants completed the experiment in a sound-attenuated booth at Boston University 
and passed an audiometric hearing screening at thresholds of 25 dB hearing level (HL) or 
better at the frequencies 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz, 6 kHz, and 8 kHz. 
 Children with typical voices (CwTV) 
Twenty CwTV (M = 8.9; range = 6.8 – 11.7 years; 16 male, 4 female) without 
voice complaints were recruited as age- and sex-matched controls for the CwVN group to 
test our first hypothesis that CwVN would have poor discrimination abilities than CwTV. 
To address the second hypothesis that younger CwTV would have poor discrimination 
abilities than older CwVN ten additional CwTV were recruited (for a total 30 CwTV). 
The 30 CwTV were subsequently divided in half into younger (N = 15; M  = 7.1 years; 
range 5.6 – 8.4 years; 10 male, 5 female) and older (N = 15; M  = 9.8 years; range 8.5 – 
11.7 years; 9 male, 6 female) groups, and compared to vocally healthy adults (see below). 
No participants in the CwTV group had received speech or language services within the 
past year. Four participants were reported to have a previous history of services, reported 
as either articulation (N = 2), social skills (N = 1), or unspecified speech therapy (N = 2). 
Nineteen participants were recorded at Boston University in a sound-treated booth and 
passed an audiometric hearing screening at thresholds of 25 dB HL or better at the 
frequencies 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz, 6 kHz, and 8 kHz. The remaining 
eleven participants were recorded offsite in a quiet room at the participant’s home, and 




relevant surgical histories; one had ear tubes and one had a surgical ear wax removal 
procedure. Parents of all participants reported no current hearing concerns.  
 Adults 
Fifteen vocally healthy adults (M = 21.2 years, range 19 – 28 years, 10 male, 5 
female) comprised an adult control group. One participant reported receiving speech or 
language services as a child. Participants were recorded at Boston University in a sound-
treated booth. All participants passed an audiometric hearing screening at 25 dB HL or 
better at the frequencies 0.25 kHz, 0.5 kHz, and 1 kHz in both ears. For the frequencies 2 
kHz, 4 kHz, 6 kHz, and 8 kHz, 13 participants passed a hearing screening at 25 dB HL or 
better, while the remaining two participants passed at 30 dB HL or better.  
 Stimuli Development and Presentation 
The base token used in the study was constructed from a single /ɑ/ production by 
a child; the token had an average fo of 216.2 Hz and was cropped to be 500 milliseconds 
(ms) in duration from the middle of the /ɑ/. A cosine window with a rise and fall time of 
50 ms was added to the beginning and end of the stimulus to avoid the perception of 
unnatural clicking. The token was played to participants through Sennheiser HD 280 Pro 
headphones (Sennheiser electronic GmbH & Co. KG, Germany). Participants recorded at 
Boston University completed their study with equipment described in the appendix 
(Chapter 6) with experimental manipulations (described below) performed in real-time by 
the Eventide Eclipse hardware (Eventide Inc, Little Ferry, NJ). The Eventide Eclipse 
performs a full-spectrum shift of the sustained /ɑ/, in which the values and spacing of the 




thereby changing the perception of pitch. Participants recorded offsite were presented 
previously created stimuli from a laptop computer (Lenovo ThinkPad X1 Carbon). 
Regardless of the equipment used, stimuli were presented at approximately 60-70 dB 
SPL using a custom MATLAB script (version 8.2; The MathWorks, Inc., Natick, MA).  
 Experimental Design   
 Training 
Prior to the experiment, all participants underwent a training to ensure they 
understood the paradigm. Participants were presented with two pairs of sequential pure 
tones; one pair had two identical 440 Hz tones, and the other pair had one tone at 440 Hz 
and the second tone at 800 Hz (a difference of 10 semitones (ST) between tones). After 
each pair, participants were asked if the tones were the same or different. If participants 
answered incorrectly, they did not proceed onto the experimental portion and were 
excluded from the study. If they correctly completed the training, participants were 
presented with a two-alternative forced choice (TAFC, Macmillan & Creelman, 2004) 
perceptual task (described below).  
 Experimental paradigm 
During each trial, participants were presented with the base token with a fo of 
216.2 Hz and a test token, and then were asked to judge whether the two tokens were the 
‘same’ or ‘different.’ Token order (i.e., whether the base token was presented first or 
second) was randomly determined for each trial. All adults began with a test token that 
was 0.5 semitones (ST), that is, 6.34 Hz, higher than the base token. Based on the known 




(e.g., Buss et al., 2017; Halliday et al., 2008; Jensen & Neff, 1993; Maxon & Hochberg, 
1982; Thompson et al., 1999), the test token was set between 0.5 – 3 ST (6.34 – 40.91 
Hz) higher than the base token for the children. For each child, the experimenter 
determined the starting value of the test token according to the child’s age as well as 
compliance during the training. Prior to implementing the flexible starting position, pilot 
testing indicated that using a variable starting place did not preclude an individual from 
reaching their pitch discrimination threshold (see Figure 3-1). 
Approximately one-third of the trials were ‘catch’ trials, wherein the two 
presented tokens were at the same fo to ensure data validity, attention to the task, and 
understanding of task instructions. The remaining trials were ‘different’ trials, in which 
Figure 3-1. Experimental runs from two participants. The first participant started 
run #1 at 1 semitone (ST, solid black line) and started run #2 at 1 ST (dotted black 
line). The second participant started run #1 at 1 ST (solid blue line) and started run 
#2 at 0.5 ST (dotted blue line). Additionally, red stars on participant #1, run #1 




the fo value of the test token was adaptively altered based on the participant’s 
performance. Step-size magnitude, which is the magnitude of change in fo, was consistent 
for either an increase or decrease in fo. The first 10 trials had the step-size of 1.25 Hz (0.1 
ST), and the remaining trials had a step-size of 0.75 Hz (0.06 ST). The experimental 
paradigm began with a 1-down-1-up TAFC paradigm, wherein the fo of the test token 
decreased, that is, was moved closer in fo to the base token, after every correct answer. 
This was done in an effort to expeditiously reach the participant’s discrimination 
threshold. Following the first incorrect judgment, the procedure changed to a 2-down-1-
up TAFC paradigm, in which two correct judgments in a row were required to elicit a 
reduction in the test token fo; a single incorrect judgment still resulted in an increase in 
the test token fo. Using this 2-down-1-up TAFC paradigm allowed for estimation of the 
participant’s discrimination threshold, located at 70.7% accuracy on the psychometric 
function (Levitt, 1971); hereafter, referred to as the just-noticeable-difference (JND) 
value. The task ended after either 10 reversals (i.e., a change in direction of the test token, 
caused by two correct judgments followed by an incorrect judgment, or an incorrect 
judgment followed by two correct judgments, see red stars in Figure 3-1) or when 60 
trials had been completed. Participants completed the task, hereafter called a run, either 
one (CwVN, N = 10; younger CwTV, N = 1; older CwTV, N = 4) or two (CwVN, N = 





 Data Analysis 
All statistical analyses were conducted in Minitab (Minitab, 2012). JND values 
were calculated by averaging the last four reversals (see red stars in Figure 3-1), reported 
as the difference in Hz between the reversal average and the base token (216.2 Hz). If a 
participant completed two runs, the JND values from both runs were averaged together. 
Descriptive statistics were completed for average differences between the two runs. Two 
estimates of attention were included: the percent of ‘catch’ trials that were judged 
correctly and variability of the reversals, defined as the standard deviation of the last four 
reversals (Banai, 2008; Moore et al., 2008). JND values from a given run were not 
included if the participant answered less than 60% of the catch trials correct or if they had 
less than 6 reversals. A total of sixteen participants (12 CwTV, 1 CwVN, and 3 adults) 
who were included in the analyses had at least one run that was removed due to having 
less than 60% correct for the catch trials (N = 9), having less than 6 reversals (N = 5), or 
experimenter error during acquisition (N = 2). Of note, an additional ten participants that 
were run on the experimental paradigm were completely excluded from the analysis (and 
thus, not described in group descriptions, results, or discussion) because they did not have 
any usable runs; these participants were either younger CwTV children (N = 8, mean 6.5 
years, 5.5 –8.0 years)2 or CwVN3 (N = 2, mean 7.8 years, 7.1 – 8.5 years).  
                                                                        
2 Two participants had less than sixty percent correct on catch trials, five participants had less than six 
reversals, and one participant did not understand the training and therefore did not continue to the task 
3 Two participants had less than six reversals. The parent of one of these participants informed the 
experimenter after the run that the participant had perfect pitch, therefore explaining his correct 




 Comparison between CwTV and CwVN groups 
The 20 age- and sex-matched CwTV and CwVN were examined for potential 
differences in pitch discrimination abilities. A binary logistic regression was conducted to 
see if group (CwTV, CwVN) membership was significantly predicted by either pitch 
discrimination abilities (JND values) or estimates of attention (the percent of ‘catch’ trials 
that were judged correctly and standard deviation of the last four reversals). 
 JND values in CwTV and adults 
To evaluate whether discrimination thresholds for vocal pitch showed 
developmental differences, a one-way Analysis of Covariance (ANCOVA) examined the 
effect of age group (younger CwTV, older CwTV, adult) on JND values, while 
controlling for estimates of attention (the percent of  ‘catch’ trials that were judged 
correctly and standard deviation of the last four reversals). Significance was determined 
at an alpha level of 0.05. Significant effects were subsequently analyzed with Tukey post 
hoc analyses with a corrected alpha level of 0.05. Cohen’s d effect sizes were also 
calculated to further assess statistically significant pairwise group differences. Cohen’s d 
values were designated as either small (0.2–0.3), medium (~0.5), or large (> 0.8) effect 
sizes (Witte & Witte, 2010). Effect sizes for the factors were calculated using a squared 
partial curvilinear correlation (ηp
2). 
3.4 Results 
Figure 3-2 displays JND values for all participants (CwVN, CwTV, and adults) in the 
current study. Descriptive statistics displayed in Table 3-1, JND values between runs 




between 1.5 – 2.4 Hz different on average. 
Table 3-1. Variability of JND values between runs in Hz, average and standard 
deviation of values presented within group  
 Variability of JND values between runs in Hz 
mean (standard deviation) 
CwTV 
Younger 2.38 (1.61) 
Older 2.05 (1.67) 
CwVN 2.12 (2.00) 




Figure 3-2. Vocal pitch discrimination for each participant in the CwTV (open blue circles), 




 Comparison between CwTV and CwVN groups 
A binary logistic regression examined whether group (CwTV, CwVN) was 
significantly predicted by either discrimination abilities or estimates of attention. Neither 
JND values ( = -0.02, z = -0.18, p = 0.86), percent correct of catch trials ( = -0.04, z = -
1.4, p = 0.16), or standard deviation of the reversals ( = 0.13, z = 0.27, p = 0.79) were 
statistically significant predictors of group. 
 JND values in CwTV and adults 
There was a statistically significant effect of age group (younger CwTV, older 
CwTV, adult) on JND values, when controlling for estimates of attention (see Table 3-2). 
Follow-up Tukey post hoc tests indicated that the JND values in the younger CwTV 
group (M = 13.8 Hz) were significantly greater (i.e., poor discrimination abilities) than 
JND values in the older CwTV group (M = 6.4 Hz) and in the adult group (M = 3.9 Hz). 
Cohen’s d values for the difference between the older CwTV and younger CwTV groups 
and the younger CwTV and adult groups were both large (0.9 and 1.2, respectively).  
 
Table 3-2. Results of ANCOVA on JND values 
Effect  F p ηp
2 
Age group (younger CwTV, older CwTV, adult) 8.64 0.001* 0.30 
Covariate: percent of ‘catch’ trials that were judged 
correctly 
0.08 0.79 -- 
Covariate: standard deviation of the last four reversals 0.7 0.41 -- 
* significant p < 0.05 






 Pitch discrimination in children and adults with typical voices 
Pitch discrimination abilities are frequently examined using pure tone stimuli 
(Banai, 2008; Halliday et al., 2008; Jensen & Neff, 1993; Maxon & Hochberg, 1982; 
Moore et al., 2008; Thompson et al., 1999); however, pure tone discrimination abilities 
cannot be directly translated to discrimination of vocal pitch. In particular, a pure tone is 
characterized as having a simple harmonic structure, consisting of a sine wave at a single 
frequency; yet, vocal pitch is characterized as having a complex harmonic structure, 
containing a fundamental frequency as well as multiples of that frequency (i.e., 
harmonics). A few studies have examined children’s abilities to discriminate pitch stimuli 
with complex harmonic structures (Buss et al., 2017; Deroche et al., 2012). Buss and 
colleagues (2017) found that, regardless of whether children were presented with pure 
tones or speech, pitch discrimination abilities improved across 5 – 11.5 years of age; at 
the end of this time, authors noted that children reached adult-like perceptual abilities. 
Further examination of individual participants, however, indicated that some children 
across this age-span had adult-like discrimination abilities. Similarly, Deroche and 
colleagues (2012) found that many children between 6 – 16 years of age had adult-like 
pitch discrimination abilities when presented with a broadband tones with complex 
harmonic frequency structure.  
Results from the current study are in line with the previous literature. Specifically, 
younger CwTV (under 8.5 years of age) showed significantly higher JND values than 




assessing these discrimination abilities within individual participants indicated some that 
participants across the age span studied demonstrated adult-like discrimination. The 
poorer discrimination abilities observed in young children suggests that discrimination of 
vocal pitch is still maturing in many of the younger children.  
 Relationship between estimates of attention and pitch discrimination abilities 
 Previous researchers have noted that inattention can have meaningful effects on 
discrimination abilities (Buss et al., 2017; Moore et al., 2008). To address this, the current 
paradigm was designed to have: 1) a maximum of 60 trials, 2) flexible starting points in 
order to begin the run closer to the anticipated discrimination threshold, and 3) a 1-down-
1-up procedure to assist participants in quickly moving towards their threshold during the 
initial portion of the paradigm. Additionally, two measures of attention were looked at 
during analysis. The first was percent correct of ‘catch’ trials, wherein the base and test 
tokens had the same fo; a lower percent correct value in these trials was considered 
indicative of decreased attention. The second measure was the standard deviation of the 
reversals. It has been proposed that when an adaptive stair-step procedure is accurately 
measuring an individual’s discrimination abilities, there will be lower variability around 
the JND value; this is contrasted with an individual who is guessing, resulting in higher 
variability around the JND value (see Moore et al., 2008 for additional details). When 
examining these two estimates of attention in the analysis of JND values, no significant 
differences between the age groups were found for either measure. Thus, after controlling 
for these measures of attention, our results suggest that inattention was not a significant 




 Attention and pitch discrimination in CwVN 
There were no significant differences on estimates of attention between CwTV 
and CwVN, suggesting that the two groups did not differ on attention during the task. 
Although there is some evidence that CwVN may have attentional differences (D'Alatri 
et al., 2015; Eggers et al., 2009; Green, 1989), these differences appear to manifest at a 
larger personality-based level that does not translate to the perceptual discrimination of 
voice. Importantly, the estimates of attention in the current study are directly related to 
the auditory discrimination task and were included to evaluate whether the participant 
was attending to the stimuli. Direct measures of attention would be needed to definitively 
determine any potential attentional differences between the two groups. 
Examination of age- and sex- matched CwVN and CwTV indicated that these two 
groups did not differ based on pitch discrimination abilities. These findings are different 
than adults (Heng Tam et al., 2018), suggesting potential differences between CwVN and 
adults with vocal hyperfunction. Heng Tam and colleagues (2018) hypothesized that 
adults with hyperfunction had differences in their discrimination abilities due to an 
adaptation effect. This suggests that an individual who is consistently listening to her own 
dysphonic voice may rely less on auditory feedback, as the consistent vocal source she 
hears is variable. Thereby, this adaptation to a variable mechanism could result in 
reduced discrimination abilities. The current study hypothesized that CwVN would have 
poorer discrimination abilities, however, the voices of the CwVN in the current study 
were not recorded; therefore, direct relationships cannot be drawn between their 




CwVN have been dysphonic for less time than an adult with a voice disorder and 
therefore may have less of an adaptation effect. Future work examining the relationship 
between dysphonia severity in CwVN and pitch discrimination abilities is needed to 
further elucidate this potential connection.   
 Clinical implications for voice therapy in CwVN 
Findings from the current study about the pitch discrimination abilities of CwVN 
as well as CwTV have implications for conducting voice therapy with children. Many 
classical therapies suggest spending extensive time in therapy on attention and awareness 
(e.g., Andrews, 1986); however, results from this study and others (Connor et al., 2008; 
Verduyckt et al., 2011) suggest that this may be not a productive use of time. Instead, 
current models (i.e., Verdolini Abbott, 2013) suggest focusing on motor learning 
principles and ‘direct’ therapy. In a randomized clinical trial that evaluated the ‘direct’ 
versus ‘indirect’ voice therapy in CwVN, improvement was seen from both therapies 
(Hartnick et al., 2018). Yet, when evaluating the difference in outcome measures for 
‘direct’ as compared to ‘indirect’ therapy across age, larger effect sizes were seen in 
children over eight years of age. The authors proposed that this difference may be related 
to the increased maturity and cognitive development in children over the age of eight. 
Consistent with this timeframe, the current study also showed differences between 
younger and older children in auditory discrimination abilities. Therefore, if children in 
the clinical trial (Hartnick et al., 2018) over the age of eight had adult-like discrimination 
abilities, this may have provided them with an increased ability to hear subtle differences 




therapy. As such, when designing voice therapies for children under the age of eight, 
speech-language pathologists may want to consider the development of auditory 
discrimination abilities. Future work should continue to examine children with and 
without VFN to understand the development of perceptual, cognitive, and motor abilities 
in order to apply these directly to the design and implementation of voice therapy tasks.  
 Limitations and future directions 
Although this study provided insight into pitch discrimination abilities in children, 
the small number of total participants means findings should be interpreted with caution.  
Future work is needed with larger number of children in the CwVN and CwTV groups to 
confirm the absence of differences in auditory discrimination abilities. Additionally, 
hearing screenings were not conducted on majority of the CwVN group as well as some 
participants in the CwTV group. Therefore, we cannot rule out potential hearing 
differences between the groups. Although there is some emerging evidence of hearing 
differences between CwVN and children with voice disorders (Baker et al., 1982; Nagy 
et al., 2019), these studies examine relatively small sample size of children with multiple 
voice disorders. Additionally, hearing differences outlined included both temporary 
conductive hearing loss and sensory neural hearing therefore further work is needed to 
elucidate whether CwVN in a larger group have a higher incidence of hearing difficulties 
then age matched peers. Additionally, some individuals had speech or language deficits 
in both CwVN and CwTV groups. Although we believe including these participants 
makes this group more representative as a sample of the population, it resulted in less 




cognition, we cannot say whether these groups were distinct in these areas. Additionally, 
participants were recorded in different locations; although all participants were recorded 
in a quiet area, there may have been an unwanted effect based on participant comfort. 
Specifically, many CwVN were recorded before a medical examination, potentially 
increasing their anxiety or distractibility. Future work should control these external and 
participant factors when examining children with and without VFN.  
Finally, the current work focused on discrimination abilities of vocal pitch and 
therefore does not provide information on the perception of other vocal percepts common 
in CwVN, such as breathiness and strain. Vocal pitch was selected as it is salient feature 
of voice that would not require extensive training to learn, thereby reducing the 
complexity of the task, and making it appropriate for a range of children. Future work 
should examine whether discrimination thresholds to additional vocal percepts differ 
between CwVN and CwTV. Finally, future work should also examine discrimination 
abilities to changes in an individual’s own voice to further examine any potential 
differences between CwVN and CwTV.  
3.6 Conclusions 
Pitch discrimination thresholds were significantly larger in CwTV younger than 8.5 
years of age as compared to older CwTV and adults. These results suggest that pitch 
discrimination abilities are immature in younger children, and these abilities become 
more adult-like during development. There were no differences between pitch 
discrimination abilities between CwTV and CwVN. Additionally, estimates of attention 




from this study indicate that CwVN do not have a deficit in auditory discrimination 
abilities that would preclude them from learning targets during voice therapy. However, 
the poorer vocal pitch discrimination abilities in younger children should be considered 





Chapter 4. Auditory-Motor Control of Vocal Fundamental Frequency in School-
Age Children and Adults: Relationships among Discrimination, Feedback 
Control, and Sensorimotor Adaptation 
4.1 Abstract 
Purpose: The purpose of the study was to examine the relationships among vocal pitch 
discrimination, feedback control, and sensorimotor adaptation in vocally healthy children 
and adults. 
Methods: Children 6 – 12 years of age and adults completed listening task to determine 
auditory discrimination to vocal fo and two vocalization tasks in which the perception of 
their fo was modulated in real time. These pitch-shifts were either unexpected pitch-shifts, 
providing information on auditory feedback control, or sustained pitch-shift, providing 
information on sensorimotor adaptation. Children were subdivided into two groups based 
on whether their auditory discrimination abilities were adult-like or immature. 
Results: Children with immature auditory pitch discrimination had significantly larger 
vocal responses to unexpected pitch-shifts and significantly smaller responses to 
sustained pitch shifts over time. 
Discussion: Children with immature auditory pitch discrimination may rely more on their 
auditory feedback control to a greater degree, suggestive of an immature vocal motor 
control system. Substantial variability was apparent in the children with immature 






Vocal fold structure and function mature and develop throughout childhood 
(Hartnick et al., 2005; Hirano et al., 1983; Kahane, 1982; Kent, 1976), with maturation 
thought to result in increased control of the vocal mechanism (Kent, 1976; Stathopoulos 
& Sapienza, 1997). In speakers of non-tonal languages, examination of habitual 
fundamental frequency (fo) during productions of sustained vowels provides a relatively 
pure view of vocal motor control, without the influence of phonetic development or 
linguistic context. Therefore, the present study examined the both production and 
perception of fo in children and adults to directly examine the relationships between the 
two as a function of vocal motor control development. The goal of this work was to 
examine the behavioral findings within the structure of an established model of motor 
control.  
The current literature has one primary model of vocal motor control (Hain et al., 
2000; Larson et al., 2008), developed based on behavioral studies of the vocal response to 
unexpected auditory changes in pitch (Burnett et al., 1998; Burnett et al., 1997; Hain et 
al., 2000). Additionally, researchers have used both behavioral and neurological 
paradigms to provide evidence the proposed structure of vocal motor control (e.g., 
Behroozmand et al., 2011a; Behroozmand & Larson, 2011; Liu et al., 2013; Liu et al., 
2018; Petermann et al., 2016). However, this model focuses primarily on the mature 
vocal motor system and does not currently account for changes that can occur during 
development. Therefore, the current study examined vocal motor control within the 




the Directions Into Velocities and Articulator model (DIVA, Guenther, 2006; Guenther, 
Ghosh, & Tourville, 2006; Tourville & Guenther, 2011). Specifically, DIVA was chosen 
as the model provides information specifically on how the model learns, a key feature in 
development. Throughout the paper, references to the DIVA model will use the term 
speech, as this is a model of speech motor control. However, references to the current 
work and previous work on fo will use the term voice in order to highlight the control 
system being examined.  
 The DIVA model has three main controllers that contribute to speech output: two 
sensory feedback controllers (auditory and somatosensory) and a feedforward controller. 
The speech output is shaped by information from all three controllers, each with its own 
weighting. Equation 4-1 shows a simplification of how the controllers are combined 
within the framework of the DIVA model (Guenther, 2016), in which the auditory 
feedback controller output (𝐹𝐵𝐴), somatosensory feedback control output (𝐹𝐵𝑠), and 
feedforward controller output (𝐹𝐹) are summed after being multiplied by their respective 
gains (𝛼). A controller with a large weighting will result in information from that 
controller contributing more to the speech model’s output. 
Equation 4-1 
𝑺𝒑𝒆𝒆𝒄𝒉 𝒐𝒖𝒕𝒑𝒖𝒕 =  𝜶𝑭𝑩𝑨𝑭𝑩𝑨 +  𝜶𝑭𝑩𝒔𝑭𝑩𝒔 +∝𝑭𝑭 𝑭𝑭 
Both sensory feedback controllers in DIVA are online error-correctors that detect 
differences between the intended speech output and actual sensory feedback. When an 




aberrant production (Guenther, 2006, 2016; Guenther et al., 2006; Tourville & Guenther, 
2011). The presence of these hypothesized auditory and somatosensory feedback 
controllers in vocal motor control is supported by ample behavioral studies examining 
vocal responses to auditory changes and a vocal motor control model based on these 
behavioral results (Hain et al., 2000; Larson et al., 2008). These behavioral studies 
primarily evaluate changes in fo in response to unexpected auditory perturbation of one’s 
own fo, called pitch-shifts (e.g., Burnett et al., 1998; Burnett et al., 1997; Hain et al., 
2000). In these pitch-shift studies, there are often two distinct vocal responses: one that 
occurs approximately 100–150 ms  after the pitch-shift and one that occurs approximately 
300 ms (Burnett et al., 1998; Hain et al., 2000). The first response is hypothesized to be 
an automatic response to the pitch-shift, whereas the second response with a longer 
latency is thought to be a voluntary response to the pitch-shift (Hain et al., 2000). The 
current work focuses on this first vocal response, with the magnitude of the vocal 
response (i.e., the change in fo) to a pitch-shift providing information on auditory 
feedback control. Larger responses may suggest close auditory monitoring of vocal 
output and therefore increased susceptibility to pitch-shifts.  
A common finding in pitch-shift studies is that the vocal response magnitude is 
smaller than the magnitude of the pitch-shift itself (Burnett et al., 1998; Burnett et al., 
1997; Hain et al., 2000). This is thought to be due to competing sensory feedback 
information. The pitch-shift is hypothesized to elicit a corrective command from the 
auditory feedback controller, yet these changes in audition do not result in a corrective 




altered. It is not until the vocal response begins to incorporate the corrective motor 
commands from the auditory feedback controller that a somatosensory error is able to 
occur, due to the corrective movements made in response to the auditory errors, thereby 
likely eliciting its own set of corrective commands in the opposite direction of the 
auditory feedback corrective commands (Larson et al., 2008). Larson and colleagues 
(Larson et al., 2008) directly examined these competing sensory feedback control 
mechanisms by analyzing vocal responses to pitch-shifts before and after vocal fold 
anesthetization. They found that vocal responses were larger in conditions in which vocal 
fold somatosensation was removed (i.e., vocal folds were anesthetized) than when 
participants had access to both somatosensory and auditory feedback (Larson et al., 
2008). Therefore, Larson and colleagues’ (Hain et al., 2000; Larson et al., 2008)  model 
posits that there are similar mechanisms for auditory and somatosensory feedback 
control, with primarily differences in the delay it takes to process the information; 
behavioral work demonstrated that a laryngeal somatosensation detection and response 
takes approximately 20 ms (Ludlow, Van Pelt, & Koda, 1992) and an auditory detection 
and response takes approximately 100–150 ms (Burnett et al., 1998; Burnett et al., 1997; 
Hain et al., 2000). 
From a developmental perspective, studies that examine the magnitude of the vocal 
response to unexpected pitch-shifts in fo do not demonstrate a clear relationship with age 
(Liu et al., 2010; Scheerer et al., 2016a; Scheerer et al., 2013). Yet, previous work does 
demonstrate a relationship between vocal response magnitude and vocal variability 




that vocal variability decreases throughout development (Scheerer et al., 2015, 2016a; 
Scheerer et al., 2013). Additional developmental trends have been noted in examination 
of the timing of the vocal response (i.e., latency). In children, the latency of the vocal 
response is approximately 100 ms slower than adults, posited to be due to the immature 
system (Liu et al., 2010; Scheerer et al., 2013). Thus, although age may not be directly 
related to the magnitude of the vocal response, the relationships between age and both 
vocal variability and response latencies suggest that further examination is required to 
understand the weighting of feedback control in development.  
Behavioral findings that vocal stability increases when audition was masked in 
children (Kumar et al., 2013), as well as the general increases in vocal stability as a 
function of development (Scheerer et al., 2015, 2016a; Scheerer et al., 2013) suggest a 
change in the vocal motor control system. Yet, the cause of that potential change is still 
unclear. Increased vocal variability may be a result of increased weighting of auditory 
feedback control, decreased weighting of somatosensory feedback control, or a 
combination of both. The DIVA model suggests the development of speech motor control 
has an initial high weighting on auditory feedback, with somatosensory feedback control 
emerging later in development once auditory targets have been created and structural 
changes stabilize (Callan, Kent, Guenther, & Vorperian, 2000; Guenther, 2016). Another 
alternative explanation for the larger vocal variabilities and vocal responses seen in 
children as compared to adults is an overall down-weighting of both feedback controllers 
in the mature adult system, with an increased weight on the third control system, 




2011).   
The DIVA model suggests that typical development in speech motor control 
involves an initial reliance on feedback control with eventual transition to feedforward 
control (Guenther, 2006, 2016; Guenther et al., 2006; Tourville & Guenther, 2011). In 
order to learn a production, information from the feedback controllers is used to update 
and tune the motor program of the feedforward controller through a process called 
sensorimotor adaptation (SA, Guenther, 2006, 2016; Guenther et al., 2006; Tourville & 
Guenther, 2011). As the system matures and the stored motor programs become more 
stable, there is thought to be a maturational shift from a higher weighting of feedback 
control to a higher weighting of feedforward control (Guenther, 2006). This shift is 
proposed to happen for two primary reasons: efficiency of the system and fluency of 
production. Once stored motor programs are learned and stable, reliance on the feedback 
controllers provides redundant information and ongoing SA is no longer needed unless 
errors are consistently detected by the feedback controllers. Additionally, if the system 
continued to rely heavily on feedback control, it would result in a dysfluent speech 
pattern because error detection happens relatively slowly (Guenther, 2006; Tourville & 
Guenther, 2011). Therefore, fluent speech must primarily rely on stored motor programs 
and feedforward control, only using error detection from feedback controllers when 
deviations are noted. 
Behaviorally, SA of fo is examined via the vocal response to surreptitious, sustained 
pitch-shifts over time (Hawco & Jones, 2009; Jones & Keough, 2008; Jones & Munhall, 




vocal response are likely to provides information on the stored motor program (Hawco & 
Jones, 2009; Scheerer & Jones, 2018b), as the weighting of feedforward control is high 
during this time period in which auditory feedback control is not fast enough to detect 
and correct for the shifted pitch. Studies examining SA in adults show variable vocal 
responses to sustained pitch-shifts (e.g., Hawco & Jones, 2009 ; Jones & Keough, 2008; 
Jones & Munhall, 2000; Scheerer et al., 2015; Scheerer et al., 2016b), suggesting that, 
even within the mature system, there may be variation in the weighting of feedback and 
feedforward control or differing abilities to integrate feedback commands into the motor 
program. This is supported by evidence showing that vocal experts, such as singers, are 
less affected by auditory pitch shifts when asked to produce a specific musical note, 
potentially due to increased weighting of feedforward control and increased reliance on 
their highly developed, stored motor programs (Jones & Keough, 2008) or due to 
increased weighting of their somatosensory feedback (Kleber, Friberg, Zeitouni, & 
Zatorre, 2017). Interestingly, only one study to date has examined SA of fo in children, 
finding that children and adults had similar SA responses (Scheerer et al., 2015). Overall, 
multiple factors may contribute to the weighting of these control systems, and further 
work is needed to determine the cause of feedback and feedforward control weighting 
change throughout development.   
Within the structure of the DIVA model, the most likely factor that affects the 
weighting of feedback and feedforward control is perceptual discrimination ability 
(Guenther, 2006, 2016; Guenther et al., 2006; Tourville & Guenther, 2011). The DIVA 




learning phase of new speech sounds and the maintenance of ongoing productions. From 
a developmental perspective, these targets are formed during the initial learning phase of 
the model, refined over multiple productions, and used during mature speech for error 
correction. The presence of these targets is appropriate for speech, as during speech 
develop clear and distinct categories form based on how phonemes sound and feel during 
production (Guenther, 2006, 2016; Guenther et al., 2006; Tourville & Guenther, 2011). 
However, it is not well understood if individuals have distinct categories for vocal pitch. 
That is, if an individual does have an acceptable range (i.e., target) for production of a 
vocal pitch, error corrections could be made if the produced pitch is outside the target 
range for the intended production. Behavioral experiments have shown that individuals 
have vocal responses to pitch-shifts even when they do not overtly perceive the change 
(Hafke, 2008; Hutchins & Peretz, 2013; Scheerer & Jones, 2018a). Furthermore, no study 
has found a clear relationship between discrimination abilities and vocal response to 
pitch-shifts. Developmentally, auditory discrimination of voice fo or complex tones (Buss 
et al., 2017; Deroche et al., 2012) as well as auditory discrimination of pure tones (Banai, 
2008; Halliday et al., 2008; Jensen & Neff, 1993; Maxon & Hochberg, 1982; Moore et 
al., 2008; Thompson et al., 1999) have shown variable results with regard to age. 
Although some studies indicate that the majority of children have adult-like pitch 
discrimination abilities between the ages of 8 – 12 (Banai, 2008; Buss et al., 2017; 
Halliday et al., 2008; Maxon & Hochberg, 1982; Thompson et al., 1999), children as 
young as 4 – 6 years of age (Deroche et al., 2012; Jensen & Neff, 1993; Moore et al., 




like pitch discrimination may be related to age, but that there are likely other factors that 
contribute to the maturation of discrimination abilities. Therefore, continued work is 
needed to examine the potential relationships between pitch discrimination abilities and 
the motor control of voice. 
The current study examines vocal motor control of fo as a function of both age and 
pitch discrimination abilities. Results from this study primarily provide information on 
auditory feedback control and feedforward control, yet, previous work (Larson et al., 
2008) has indicated that somatosensory feedback control is also related to the vocal 
response to auditory perturbations. The relevant weightings of auditory and 
somatosensory control cannot be distinguished with the methodology of this study; 
therefore, we will discuss the concept of ‘feedback control’, which includes both auditory 
and somatosensory systems. Based on previous work (Liu et al., 2010; Scheerer et al., 
2015; Scheerer et al., 2013), we selected children within an age range (6 –12 years of 
age) that we hypothesized would not have significant differences as a function of age  for 
the weighting of feedback control or weighting of feedforward control. Additionally, 
based on previous work that demonstrated that many children have adult-like pitch 
discrimination abilities (Deroche et al., 2012; Jensen & Neff, 1993; Moore et al., 2008) 
we examined vocal motor control as a function of whether pitch discrimination was 
adult-like or immature. Specifically, we hypothesized that children with immature pitch 
discrimination abilities would have increased weighting of feedback control, detected 
behaviorally as larger vocal responses to unexpected pitch-shifts and smaller vocal 





Included participants successfully completed all three experiments outlined below 
in one session (< 2 hour duration). All experiments were completed in the order presented 
below. Experiment 1 was a pitch discrimination task described in detail in Chapter 3. The 
remaining two experiments were active voicing perturbation tasks in which the vocal 
responses were examined to either 1) unexpected pitch-shifts or 2) sustained pitch-shifts 
over time. Experiment 2 examined vocal responses to unexpected pitch-shift, providing 
information on feedback control. Experiment 3 examined vocal responses to sustained 
pitch-shifts over time and provided information on the ability to update feedforward 
control through sensorimotor adaptation. Results of all three experiments are presented 
together. 
 Participants 
 School-age children 
Twenty children (mean (M) = 8.6 years, range = 6.6 – 11.7 years; 8 male, 12 
female) participated in this study. All children spoke English as their primary language, 
and none were fluent in a tonal language. No participants had speech or language services 
within the past year; two participants had previously received speech or language 
services. All participants passed an audiometric hearing screening at thresholds of 25 dB 
HL or better at 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 4 kHz, 6 kHz, and 8 kHz. All children 
over 7.0 years old provided verbal assent, dissent was respected for all children under 7.0 
years old, and all guardians provided written consent. Consent and assent were obtained 




were compensated for participation.  
 Adults 
 Twenty adults (M = 21.0 years, range = 18 – 28; 10 male, 10 female) participated 
in this study. All participants denied current speech or language difficulties, but two 
participants reported receiving speech or language services as children. All participants 
passed an audiometric hearing screening at 25 dB HL or better at 0.25 kHz, 0.5 kHz, and 
1 kHz. Seventeen participants also passed the frequencies 2 kHz, 4 kHz, 6 kHz, and 8 
kHz at 25 dB HL or better, while the remaining three participants passed these 
frequencies at 30 dB HL. All participants completed written consent in compliance with 
the Boston University Institutional Review Board and were compensated for 
participation.  
 Experimental set–up 
Participants were seated in a sound-treated booth at Boston University. For all three 
experiments, participants wore Sennheiser HD 280 Pro headphones (Sennheiser 
electronic GmbH & Co. KG, Germany). All pitch-shifting was accomplished with 
Eventide Eclipse hardware (Eventide Inc, Little Ferry, NJ, USA), which provides a full 
spectrum shift by shifting the values and the spacing of the harmonics. This shift changes 
the fo of the production, thereby changing the perception of pitch. The delay between 
voicing and presentation of auditory feedback had an average delay of less than 15 ms 
(see details of hardware in Chapter 6), a delay that is below the perceptual threshold 
(Yates, 1963). For Experiment 1, headphones presented sound at 65-70 dB SPL. For 




(Shure, Niles, IL, USA) sampled at 44.1 kHz with a 16-bit resolution, positioned at a 
fixed distance of 7 cm from the mouth at a 45-degree angle from the midline. The 
acoustic microphone signals were acquired with the MOTU Ultralite mk3 hybrid 
soundcard (MOTU, Cambridge, MA, USA), pitch-shifted with the Eventide Eclipse 
hardware, and amplified to be 5 dB SPL greater (Cornelisse, Gagné, & Seewald, 1991) 
than to the sound level of the microphone with the Behringer Xenyx Q02USB headphone 
amplifier (Music Group, Makati, Philippines). For all three Experiments, MIDI 
commands from a custom MATLAB (MATLAB, 2016) script were transmitted via the 
program, MIDI-OX (O'Connell, 2011) to the Eventide Eclipse hardware to shift the pitch 
(see details in Chapter 6). 
 Experimental protocols and data analysis 
 Experiment 1: Pitch discrimination  
Described in detail in Chapter 3, the first experiment examined pitch discrimination 
to fo using a two-alternative forced choice (TAFC, Levitt, 1971; Macmillan & Creelman, 
2004) listening task. Stimuli for the task were a 500 ms sustained /ɑ/ production 
(hereafter called ‘token’) produced by a single child’s voice with a fo of 216.2 Hertz (Hz). 
During each trial, two /ɑ/ tokens that were either presented to the participant. The two 
tokens either had the same fo of 216.2 Hz (‘same’ trial) or one token was presented at 
216.2 Hz (‘base token’) while the other token (‘test token’) was shifted in pitch 
(‘different’ trial). Responses to the ‘different’ trials were used to adaptively identify the 
pitch discrimination abilities for each participant. A single incorrect answer moved the 




subsequent test token closer to the base token fo. Using this 2-down-1-up TAFC paradigm 
allowed for determination of the value at which the participant was 70.7% correct on the 
psychometric function (Levitt, 1971). This value, indicative of an individual’s pitch 
discrimination abilities will hereafter be referred to as the just-noticeable-difference 
(JND) value. 
 Experiment 2: Feedback control 
Reliance on feedback control was examined by evaluating vocal responses to 
unexpected pitch-shifts in auditory feedback. Participants vocalized a sustained /ɑ/ for 60 
trials, with a single run of 60 trials taking approximately 8 minutes. During each trial, 
participants were prompted to start vocalizing when an “aaa” was displayed on a 
computer screen and prompted to stop voicing 3 seconds later when the visual stimuli 
disappeared. Participants heard their vocalizations during the entire run through 
headphones, and therefore were instructed not to talk in between trials. During each trial, 
a pitch shift was applied at a jittered time point (500 – 1000 ms) after voicing onset was 
detected; see Figure 4-1 for a schematic of a single trial. The pitch-shift was either an 
abrupt +1 semitone (ST) or -1 ST auditory change in pitch of the participant’s fo, which 
remained active for the remainder of the trial. A single run contained 30 trials shifted +1 
ST and 30 trials shifted -1 ST, which were presented in a pseudorandom order. No more 





Analyses of the vocal responses occurred offline with custom MATLAB 
(MATLAB, 2016) and Praat (Boersma & Weenink, 2014) scripts. The fo contour of each 
production was calculated in Praat and imported into MATLAB. A trained experimenter 
selected the onset of the pitch-shift by examining fo contour in a MATLAB graphical user 
interface. Each trial was time-aligned to the start of the pitch-shift, with the baseline of 
the trial defined as the 200 ms period before pitch-shift onset (Figure 4-1). The fo contour 
for each trial was converted to ST relative to the average baseline fo (𝑓𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) for that 
trial, using Equation 4-2. To account for both pitch tracking errors and excessive 
variability the following criteria were used for removal: 1) Any portion of the fo contour 
that was + 7 ST in relation to the participant’s baseline fo was removed as a pitch tracking 
error, 2) trials without voicing were removed, 3) trials in which no pitch-shift occurred 
(due to low voicing amplitude during acquisition), or 4) trials in which the fo standard 
deviation during the baseline period deviated more than 0.29 ST. This cutoff value was 
Figure 4-1. Schematic of an example -1 semitone (ST) pitch-shift 
trial. Grey dashed boxes indicate the baseline period (-200 – 0 ms) 
and the analysis period (150 – 300 ms). All timing information is 




selected after initial analysis of all participants indicated that 0.29 ST was greater than 2 
standard deviations away from the average variability baseline fo of all participants. All 
remaining trials in response to +1 ST pitch-shift (children M = 14 trials, Adult M = 18 
trials) and in response to -1 ST pitch-shift (children M = 15 trials, Adult M = 19 trials) 
were considered usable and analyzed as detailed below.  
Equation 4-2 





      
For each trial the standard deviation of fo during the 200 ms baseline period 
(Figure 4-1) was calculated, and then subsequently averaged together over all trials, 
providing an overall measure of vocal variability (Scheerer & Jones, 2012; Scheerer et 
al., 2013) per participant. These averages were taken after trials were removed for 
excessive variability (defined as 0.29 ST during that baseline period); the purpose was to 
measure average variability for a given person without significant influence from atypical 
productions. Vocal responses to +1 ST pitch-shift were averaged and vocal response to -1 
ST pitch-shift were averaged. Vocal responses to the +1 ST pitch-shift were then inverted 
(multiplied by -1), and all vocal responses were averaged. The magnitude of the vocal 
response was defined as the average fo during the analysis portion (between 150 – 300 ms 
after the pitch-shift onset; Figure 4-1) relative to the to the baseline fo, providing an index 
of overall feedback control (FB-all).  
An additional analysis was conducted to examine only vocal responses that were 




These responses, also called opposing responses, are thought to be controlled by a 
different mechanism than responses that are in the same direction as the pitch-shift 
(Behroozmand, Korzyukov, Sattler, & Larson, 2012; Hain et al., 2000). To identify the 
trials that had opposing responses, the average fo was calculated for each trial’s analysis 
period (150 – 300 ms after the pitch-shift onset); trials were included if the average fo was 
either > 0 ST for -1 ST pitch-shifts (children, M  = 54.5 % of FB-all trials; adults, M = 
68.9% of FB-all trials) or < 0 ST for +1 ST pitch-shifts (children, M  = 66.0% of FB-all 
trials, adults, M = 70.3% of FB-all trials). For the included trials, vocal responses to +1 
ST were inverted and all FB-opp trials were averaged. The magnitude of the vocal 
response was defined as the average fo during the analysis portion (between 150 – 300 ms 
after the pitch-shift onset; Figure 4-1) relative to the to the baseline fo, providing an index 
of feedback control during only the opposing trials (FB-opp). Additionally, the latency of 
the average FB-opp responses for a given was calculated in order to provide information 
on timing productions that are opposing the pitch-shift. Latency was defined as the first 
point in time in which vocal response deviated greater than 2 standard deviations from 
baseline; the latency analysis period began 60 ms after pitch-shift onset (Liu et al., 2010).  
 Experiment 3: Sensorimotor adaptation (SA) 
The ability to update feedforward control by integrating feedback from previous 
productions, called sensorimotor adaptation (SA), was examined in a paradigm in which 
pitch was shifted over time. Similar to Experiment 2, participants produced a sustained 
/ɑ/ 60 times, with each vocalization prompted by a visual stimulus on a computer screen. 




produced fo or as a pitch-shifted production, based on the conditions outlined below. 
Unlike Experiment 2, pitch-shifting was maintained for the entirety of each production. 
Experiment 3 had three conditions, each with 60 trials, which were presented to 
participants in a counterbalanced order; all adult participants and 13 children completed 
all three conditions and the remaining 7 children completed two conditions. Every 
participant completed a control condition, in which there was no pitch-shift applied 
throughout the entire 60 trials. As previous work as indicated that speakers’ fo drift over 
time naturally (Jones & Munhall, 2000), a control condition was necessary to account for 
this natural shift in voice fo.  
 
The remaining two conditions introduced small and gradual changes to pitch over 
time, allowing for examination of vocal responses as an index of SA; one condition 
shifted the pitch up over time (‘shift-up’, children, N = 18, adult, N = 20), while the other 
one shifted the pitch down over time (‘shift-down’, children, N = 15, adults N = 20). 
Each of these shift conditions had four phases: a baseline phase (trials 1 – 15) in which 
no pitch-shift occurred; a ramp phase (trials 16 – 29), in which the pitch was shifted an 
addition +0.071 ST or -0.071 ST each trial; a hold phase (trials 30 – 45), in which the 
Figure 4-2. Schematic of -1 semitone (ST) pitch-shifted condition in which the pitch was 
shifted down 1 ST during the ‘hold’ phase. Grey dashed boxes indicate the analysis period, 




pitch-shift was maintained at either +1 ST or -1 ST; and a return phase, in which the 
pitch-shift was removed (trials 46 – 60).  
Analysis of the vocal responses occurred offline with custom MATLAB 
(MATLAB, 2016) and Praat (Boersma & Weenink, 2014) scripts. The fo contour of each 
production was calculated in Praat and imported into MATLAB. A trained experimenter 
examined the fo contour in a custom-made MATLAB graphical user interface and 
selected the voice onset time for each trial; then the median fo value between 20 – 120 ms 
after voice onset was subsequently calculated. This early portion of the vocalization was 
selected as it provides information on the vocalization driven by feedforward control, 
prior to incorporation of feedback (Hawco & Jones, 2009; Scheerer & Jones, 2018b). 
Average fo values were then calculated for each condition’s baseline phase, and each 
condition was converted into ST relative to its baseline using Equation 4-2. Each 
participant’s control condition was then subtracted from her shift condition(s) to 
normalize the values. Similar to Experiment 2, the vocal responses to the +1 ST shift 
condition were inverted, and if a participant had two shift conditions, they were averaged 
together for analysis. The vocal responses examined for analysis were the average fo 
values during the hold phase (trials 30-45), in which the pitch-shift was at its maximum 
and held constant (Figure 4-2). 
 Data analysis 
 Relationship between age and experimental factors in children  
Pearson’s correlations were conducted to examine potential relationships between 




within the group of children. A Bonferroni correction was applied to correct for multiple 
comparisons, with an alpha level of 0.008 (0.05/6 correlations = 0.008).  
 Pitch discrimination (JND values)  
The school-age children were subsequently divided based on their JND values into 
two equal groups: a JND-low and a JND-high group. This division was made based on 
the previous work examining pitch discrimination abilities in children and adult (Chapter 
3) and a visual examination of the JND values in the current study (Figure 4-3). Children 
in the JND-low group had adult-like JND values that were under 0.52 ST (N = 10, M = 
8.9 years, 6.8 – 11.0 years). Children in the JND-high group had JND values that were 
greater than 0.52 (N = 10, M = 8.2 years, 6.6 – 11.7 years), suggestive of an immature 
perceptual system for pitch discrimination. A two-sample t-test examined whether age 
was significantly different between the JND-low and JND-high groups.  
 Feedback control as a function of pitch discrimination ability 
Four Pearson’s correlations evaluated whether either measure of vocal response 
magnitude (FB-all and FB-opp) was significantly correlated with measures proposed to 
be related to the weighting of feedback control (vocal variability and latency of FB-opp). 
A Bonferroni correction was applied to correct for multiple comparisons, with an alpha 
level of 0.0125 (0.05/4 correlations = 0.0125). Four one-way analyses of variance 
(ANOVAs) examined the effect of JND group (JND-low, JND-high, Adult) on FB-all, 
FB-opp, vocal variability, and latency of FB-opp responses, respectively. A Bonferroni 
corrected alpha level of 0.01 was used to correct for the four ANOVAs. Cohen’s d effect 




were designated as either small (0.2 – 0.3), medium (~0.5), or large (> 0.8) effect sizes 
(Witte & Witte, 2010). Tukey post hoc analyses were conducted with a corrected alpha 
level of 0.05.  
 Sensorimotor adaptation as a function of pitch discrimination ability  
A one-way ANOVA examined the effect of JND group (JND-low, JND-high, 
adult) on the vocal responses to the sustained pitch-shifts over time, used as an index of 
sensorimotor adaptation (SA). Cohen’s d effect sizes were calculated to further assess 
statistically significant effects. Two-tailed Student’s t-tests examined whether each 
participant’s response during the hold phase was significantly different than zero. Due to 
the nature of these individual investigations, statistical corrections were not applied and 
an alpha level of 0.05 was used to determine significance. Participants were either 
categorized as having: a compensatory response, with a significant vocal response during 
the hold period greater than zero; a following response, with a significant vocal response 
during the hold period less than zero; or no-response, with no significant vocal response 
during the hold phase.  
 Relationships among feedback control and SA measures that significantly differed 
by pitch discrimination abilities 
To provide information on the relationships between feedback control and SA 
adaptation, measures that had a significant effect of JND group in the above described 





 Relationships between age and experimental factors in children  
Six correlations were conducted to examine the relationships between age and 
JND, SA, and the four variables considered to be related to feedback (FB-all, FB-opp, 
vocal variability, latency of FB-opp). There were no statistically significant correlations 
between age and the six variables examined (Table 4-1). 
Table 4-1. Correlations with age for all children. Correlation coefficients (top row) 
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 Pitch discrimination (JND values)  
 JND values for all participants are displayed in Figure 4-3. The JND-high group 
had an average JND of 1.3 ST (range = 0.63 – 2.98 ST). The JND-low group had an 
average JND of 0.33 ST (range = 0.21 – 0.52 ST). The adult group had an average JND 
of 0.28 ST (range = 0.14 – 0.5 ST). A two-sample t-test indicated that there was no age 
difference between children with in the JND-high or JND-low groups (p = 0.28). The 
JND-high group had an average age of 8.2 years (standard deviation = 1.48 years, 6.6 – 
11.7 years); the JND-low group had an average age of 8.9 years (standard deviation = 
1.52 years, 6.8 – 11.0 years).   
Figure 4-3. Pitch discrimination in semitone (ST) for 
children with adult-like JND values (JND-low, blue circles), 
children with immature JND values (JND-high, pink 




 Feedback control as a function of pitch discrimination ability  
Four correlations were conducted to examine the relationship between the two 
measures of response magnitude (FB-all, FB-opp) and two additional measures proposed 
to be related to feedback control (vocal variability, latency of FB-opp) at a corrected 
alpha level of 0.01. FB-all and FB-opp were both significantly positively correlated with 
vocal variability. Although two children in the JND-high group had relatively large vocal 
variability and FB-opp responses, Figure 4-4 shows there is a positive relationship 
between vocal variability and FB-opp responses in all groups.  Neither measure of vocal 
response magnitude was correlated with latency of FB-opp (Table 4-2, Figure 4-4).  
Table 4-2. Correlational analyses for measures of feedback. Correlation coefficients 
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Results of the four one-way ANOVAs examining the effect of JND group on FB-
opp, FB-all, vocal variability, and latency of the FB-opp response are displayed in Table 
Figure 4-4. Top panel:  Average feedback (FB-all) vocal responses in semitones (ST) as a 
function of vocal variability (ST). Bottom panel:  Average feedback for opposing response 
(FB-opp) vocal responses in ST as a function of vocal variability (ST). In both panels, each 
marker is an individual participant by JND group: adult (black diamond), JND-high (pink 




4-3. There was a significant effect of JND group on FB-opp and vocal variability, but no 
significant effect on FB-all or latency of the FB-opp response.  
Tukey post hoc tests indicated that the JND-high group (M = 0.43 ST) had a 
greater FB-opp vocal responses than both the JND-low (M = 0.19 ST) and adult (M = 
0.21 ST) groups, with large Cohen’s d effect sizes (1.58 and 1.18, see Figure 4-5, Panels 
A1 – A3).  Tukey post hoc tests also indicated that vocal variability in the JND-high 
group (0.11 ST) was significantly larger than both the JND-low (M = 0.07 ST) and the 
adult (M = 0.08 ST) groups, with large Cohen’s d effect sizes (1.35 and 1.09). There was 
no significant effect of JND group on FB-all responses among the JND-high (M = 0.25 
ST), JND-low (M = 0.11 ST), and adult (M = 0.26 ST) groups. Additionally, there was no 
significant effect of JND group on latency of the FB-opp responses among the JND-high 






Figure 4-5. Vocal responses to unexpected pitch-shifts that were in the opposing direction in 
relation to the onset of the pitch shift (A1 – A3) and vocal responses to sustained pitch-shifts 
over time, plotted as function of trial (B1 – B3). Panels A1, A2, B1, B2: Mean (solid lines) 
and 95 % confidence intervals (CI, shaded area). Panels A1, B1: Adult (black) compared to 
children with JND-high values (pink). Dotted square indicates the trials included in the 
analysis portion. Panels A2, B2: Adult (black) compared to children with JND-low values 
(blue). Dotted square indicates 150-300 ms after pitch-shift onset, which was included in the 
analysis. Panel A3, B3: Mean and 95% CI for the adult (black), children in the JND-high 
(pink), and children in the JND-low (blue) groups. Children in the JND-high groups had a 
significantly larger vocal responses to unexpected pitch-shifts (A2, A3), and significantly 




Table 4-3. Results of Analyses of Variance examining the effect of JND group on 
FB-opp, FB-all, and vocal variability 
Effect of JND Group 
 
       F p ηp
2 
Feedback: (FB-opp) 10.23 <0.001* 0.36 
Feedback: (FB-all) 2.29  0.12 -- 
Vocal variability 6.81 0.003* 0.27 
Latency: (FB-opp) 1.00  0.38 -- 
*significant p< 0.02 
--Effect size not reported if effect was not significant 
 
 Sensorimotor adaptation as a function of pitch discrimination ability 
Results of the one-way ANOVA indicated that there was a significant effect of 
JND group on SA responses (F(2, 39) = 4.96, p = 0.01, ηp
2 = 0.21). The JND-high group 
(M = -0.14 ST) had a significantly smaller vocal responses than both the JND-low (M = 
0.36 ST) and Adult (M = 0.33 ST) groups, with large Cohen’s d effect sizes (0.98 and 
1.0, see Figure 4-5, Panels B1 – B3). The JND-high group’s average vocal responses 
were less than the other two groups; however, there was substantial variability within the 
JND-high group (see Figure 4-4). Further details of the responses are outlined in Table 4-
4. Eight of the ten children in the JND-high group either followed the pitch-shift or did 
not have a vocal response. None of the children in the JND-low group or the adult group 
had any following responses, with all participants in those groups either compensating for 





Table 4-4. Number and percentage of participants who vocal responses during the 







JND-high 2 (20%) 4 (40%) 4 (40%) 
JND-low 5 (50%) 0 (0%) 5 (50%) 
Adult 13 (65%) 0 (0%) 7 (35%) 
 Relationship between feedback control and SA measures that significantly 
differed by pitch discrimination abilities 
Correlational relationships between SA and measures of feedback control (FB-opp, 
vocal variability) were evaluated. These measures were selected for additional analyses 
as they all had statistically significant differences between the JND-high group as 
compared to the other two groups. Both measures of feedback control were negatively 
correlated with SA (Table 4-5, see Figure 4-6). Further analysis was conducted to see if 
SA and FB-opp were correlated after controlling for vocal variability. A partial Pearson’s 
correlation indicated that SA and FB-opp were not significantly correlated (r  = -0.15, p = 
0.36). 
Table 4-5. Correlational analyses examining relationships between SA and feedback 






SA -0.40 -0.42 
0.01* 0.008* 







Figure 4-6. Average sensorimotor adaptation (SA) vocal responses in semitones (ST) as a 
function of feedback opposing (FB-opp) vocal responses (ST). Each marker is an individual 




The current study examines the relationship of pitch discrimination abilities and 
vocal motor control in a group of children and adults. Results are evaluated within the 
structure of the DIVA model, a commonly used model of speech motor control 
(Guenther, 2006; Guenther et al., 2006; Tourville & Guenther, 2011). Although the 
DIVA model may also be appropriate for examining the development of vocal motor 
control, the majority of the work to date has focused on the speech system. Therefore, 




vocal motor system is different than the mature system. This study is one of the first to 
examine both pitch discrimination abilities and control of fo in both children and adults; 
as such, it provides insight into the development of vocal motor control. 
 Relationship between age and experimental factors in children  
In this study, age was not significantly related to vocal responses to pitch-shifts, 
which is consistent with work by others (Scheerer et al., 2015, 2016a). Our previous work 
indicated that children as young as six years of age had adult-like JND values (Chapter 
3), suggesting that a there is not a direct linear improvement of pitch discrimination 
abilities with age. Therefore, the current study grouped children into two groups by JND 
values rather than by age; one with adult-like JND values (JND-low) and one with 
immature JND values (JND-high). The lack of significant age differences between the 
groups adds further support that discrimination abilities for pitch are not directly related 
to age. This suggests that future vocal motor control experiments should be evaluated in 
light of perceptual abilities rather than age alone.  
 Feedback control as a function of pitch discrimination ability 
Examination of unexpected pitch-shifts in auditory feedback is a well-established 
method of examining online feedback control of fo (Burnett et al., 1998; Burnett et al., 
1997; Hain et al., 2000). Responses are typically evaluated in one of two ways: 1) an 
overall average regardless of response direction (Burnett et al., 1997), or 2) sorted by 
direction into either opposing or following responses before averaging (Behroozmand et 




shift, are thought to be indicative of a vocal response attempting to stabilize the fo around 
a target and thereby compensating for the auditory change in pitch (Hain et al., 2000). 
Conversely, following responses (those that occur in the same direction as the pitch-shift) 
may result from the individual perceiving the pitch-shift as an external referent, and 
therefore attempting to match the pitch-shift instead of opposing it (Burnett et al., 1998; 
Hain et al., 2000). Previous work has suggested that averaging these responses may dilute 
actual corrective vocal responses to unexpected feedback (Behroozmand et al., 2012). 
Therefore, in an effort to provide full transparency on the dataset, pitch-shift responses 
were evaluated as an overall average (FB-all) as well as categorized into solely the 
opposing responses (FB-opp). 
In addition to vocal response magnitudes, response latency for the FB-opp responses 
were evaluated. Latency has been suggested as a potential marker of neurophysiological 
maturity, with response latencies in children approximately 100 ms slower than adults 
(Liu et al., 2010; Scheerer et al., 2013). However, in the current study, latency did not 
significantly differ between groups. This is potentially attributable to methodological 
differences, making comparisons between studies difficult. The current study defined 
latency at the time after pitch-shift onset that the average vocal response deviated two 
standard deviations from baseline. Included trials were ones in which the vocal response 
was greater than zero, indicating an opposing response. Importantly, the current 
methodology did not classify any trial as having a non-response. Comparing the current 
methods to previous work, Liu and colleagues (2010), had a similar criteria for defining 




for each trial. Additionally, Liu and colleagues (2010) discarded if they did not have a 
vocal response greater than two standard deviations above baseline, resulting in only 
analyses of trials in which individuals responded. Thus, although participants in the 
current study all had an average opposing vocal response available for analysis, included 
in the overall average may have been individual non-responding trials impacting the 
results of the latency analysis. Additionally, previous studies used a pitch-shift that had 
an onset and offset (Liu et al., 2010; Scheerer et al., 2013) multiple times during a trial. 
This allowed for examination of latency at the point of maximum vocal response 
(Scheerer et al., 2013). The current study used a methodology in which the pitch-shift 
remained on after onset. Therefore, accurate identification of the peak first response, 
without inadvertently measuring the secondary response (Hain et al., 2000), was more 
subjective and may not have been as accurate if attempted. Future work is needed to 
examine the effect of age and vocal response latency, with special focus on how the 
implementation of the pitch-shift and analysis of the response affect the results. 
Examination of vocal response magnitudes indicated that FB-all responses were not 
significantly different as a function of JND group. Analysis of individual responses 
indicates that one individual in the in the JND-high group had an average response in the 
same direction as the pitch-shift when all responses were examined. Based on the small 
group size, this individual may have had a disproportional response on the group data; 
future examination with a larger group size is needed to further examine FB-all 
responses. FB-opp responses did differed significantly as a function of JND group. 




larger FB-opp responses than the other two groups. One potential explanation for this is 
that individuals with immature perceptual abilities may have an overall immature motor 
control system. It has been suggested that an individual who has an immature speech 
motor control system may need to closely monitor and correct for errors in production, 
and therefore places increased weight on the feedback controller (Guenther, 2016). Thus, 
an increased weighting on the auditory feedback controller would result in a larger vocal 
response than a mature vocal system that was not as attuned to small changes.  
Another complementary interpretation of the increased FB-opp in the JND-high as 
compared to the JND-low group is that individuals in the JND-low group may have fully-
tuned vocal motor systems, resulting in increased reliance on somatosensory feedback. 
Although children are less likely to rely significantly on somatosensory feedback for 
speech development due to the developing articulators (Callan et al., 2000; Guenther, 
2016), it is unclear if this translates to the vocal domain. If somatosensory feedback were 
available and developed, it may be more efficient to rely on somatosensory feedback for 
online voice correction, as responses are faster than auditory feedback responses (Burnett 
et al., 1998; Burnett et al., 1997; Hain et al., 2000; Ludlow et al., 1992). However, 
although FB-opp responses were increased in the JND-high group, vocal variability was 
also increased.  Previous work has suggested that in children vocal variability decreased 
when auditory feedback was not available, suggestive of increased stability with 
somatosensory control (Kumar et al., 2013), which would not support the above 
hypothesis of increased vocal variability being indicative of increased auditory feedback 




necessary to provide a clearer picture of the weighting of auditory or somatosensory 
feedback in development.  
The current study supports the relationship found previously between vocal 
variability and FB-opp response magnitudes (Scheerer et al., 2016a; Scheerer & Jones, 
2012; Scheerer et al., 2013). The consistency of these findings in the current study adds 
more evidence to the usability of this measure to provide information on vocal motor 
control. Examination of vocal response to unexpected pitch-shifts involves extensive 
equipment and analyses. In order to appropriately perform a pitch-shift study, researchers 
must have access to pitch-shift equipment, access to calibration equipment to ensure that 
the headphones are appropriately louder than the participant’s voice, and the technical 
ability needed to time-align the vocal response to the onset of the pitch-shift before 
analyses. Due to the complexity involved in conducting these pitch-shifting experiments, 
they are typically done in a laboratory setting with a carefully controlled environment. In 
contrast, recordings of vocal variability require only a microphone and a suitably quiet 
recording environment, a much more attainable feat that does not require a laboratory 
setting. Thus, considering the strong relationships between vocal variably and FB-opp, 
focusing on measure of vocal variability provides a path for evaluating vocal motor 
control in a clinical setting in which time and resources are often sparse.  
 Sensorimotor adaptation as a function of pitch discrimination ability and the 
relationship between feedback and feedforward control 
Children with immature perceptual abilities showed a different pattern of 




Adults and children with adult-like perceptual abilities compensated for gradual pitch-
shifts, which is suggested to stem from feedback error corrections being incorporated into 
the motor plan, updating it for future productions (Guenther, 2006; Guenther et al., 2006; 
Tourville & Guenther, 2011). Children in the JND-high group had decreased vocal 
response magnitudes to SA as a group; however, considerable individual variability was 
apparent. In the JND-high group, 20% of participants compensated to the pitch-shift, 
40% followed, and 40% didn’t respond. This was distinctly different than the JND-low 
and adult groups, which did not have significant differences in their vocal responses and 
in which all participants either compensated or did not respond to the pitch-shift. One 
explanation for the differences seen in the children with immature perceptual abilities is 
that they may also have immature SA. That is, they are detecting the errors and correcting 
them via their feedback controllers, but they are not appropriately updating their stored 
motor program though SA, subsequently resulting in both opposing and following 
responses. This idea has been proposed in clinical populations in which the presence of a 
disordered voice may be related to impaired SA (Abur et al., 2018; Stepp et al., 2017). 
Another explanation is that this group of children with immature perceptual abilities is 
weighting feedback control higher than feedforward control, thereby relying primarily on 
online feedback during all productions. This would result in a non-systematic setting of fo 
at the beginning of each trial and adjusting it appropriately when auditory feedback was 
available. However, it should be noted that the SA paradigm does not measure weighting 
of the feedforward control system, but rather is a measure of the interaction between 




more directly examine the weighting of feedback versus feedforward control in order to 
continue this examination of vocal motor control in development.  
 Limitations 
This study provides information on the relationship between auditory 
discrimination abilities and vocal motor control, yet the small sample size means the 
results should be interpreted with caution. Future work will need to include a larger 
sample size of children in the JND-low and JND-high groups in order to allow the results 
to be translatable to a larger group of children. Additionally, future work should provide 
more detailed recording of developmental factors that may affect the results. These 
include information about physical stature, puberty stage, or longitudinal vocal changes. 
Acquiring this information will allow for more detailed examination of any additional 
differences between the children in the JND-low and JND-high groups. 
 Future work should also examine whether vocal pitch discrimination abilities are 
comparable when participants are judging their own vocal pitch to when they are judging 
an stranger’s voice, as this may provide further insight into vocal motor control. 
Additionally, this study was solely looking at vocal fo, using vocal fo as a model to 
understand general vocal motor control. However, there are other percepts, such as vocal 
loudness, which can also provide information on vocal motor control. Future studies 
should explore multiple aspects of vocal motor control. Finally, the current study 
instructed participants to keep their voices steady rather than have them match an 
external pitch. Although this methodology was chosen to keep the task simple for 




thereby reducing some of the variability seen in the current task.   
 Conclusion 
This study examined vocal motor control in children and adults. Vocal pitch 
discrimination abilities were determined and children were defined as either having 
immature pitch discrimination (JND-high) or adult-like pitch discrimination (JND-low). 
Examination of vocal responses to unexpected pitch-shifts showed higher vocal response 
magnitudes in the JND-high group as compared to the JND-low and adult groups. This 
suggests that children in the JND-high group may be relying more on auditory feedback 
to control voice, suggestive of an immature vocal motor system. Children in the JND-
high group also had significantly lower vocal responses to sustained pitch-shifts over 
time compared to the other two groups. This potentially indicates that children in the 
JND-high group are not efficiently integrating their auditory feedback into subsequent 
productions. However, based on the variability of the vocal responses to SA, future work 
is needed to identify the source of this variability and understand its relationship to the 




Chapter 5. Discussion 
5.1 Summary of findings 
This dissertation explored voice and vocal motor control in children with and 
without vocal fold nodules. Chapter 2 and Chapter 3 explored whether children with 
vocal fold nodules (CwVN) exhibited differences in control of vocalic onset and offset or 
vocal pitch discrimination abilities, as compared to children with typical voices (CwTV). 
Chapter 4 sought to comprehensively examine vocal motor control in vocally healthy 
adults and school-age children. Results from this work will provide information about the 
development of vocal motor control in school-age children with and without vocal fold 
nodules. 
 Vocal onset and vocal offset 
 Previous work examining adults with and without vocal fold nodules has shown that 
these two groups demonstrate significant differences in their relative fundamental 
frequency (RFF, Heller Murray et al., 2017; Lien et al., 2015a; Roy et al., 2016; Stepp et 
al., 2010). RFF is measured as the instantaneous fundamental frequency (fo) of the vowels 
preceding (vocal offset) and following (vocal onset) a voiceless consonant. In adults with 
vocal fold nodules, RFF values are lower in the vocal cycles closest to this voiceless 
consonant (i.e., vocal offset cycle 10 and vocal onset cycle 1) as compared to vocally 
healthy adults. The observed decreases in RFF in adults with vocal hyperfunction were 
hypothesized to be related to abnormal behaviors, such as increased laryngeal tension 
(Heller Murray et al., 2017; Stepp et al., 2011b). Although hyperfunctional vocal patterns 




disorders (e.g., Lee & Son, 2005; Shah et al., 2005; Wilson, 1987; Woodnorth & Nuss, 
2009), the presence of vocal hyperfunction in children with vocal fold nodules (VFN) has 
received less systematic study. Regardless of this gap in the literature, reducing these 
patterns is a frequent target of voice therapy (Lee & Son, 2005; Verdolini Abbott, 2013; 
Verdolini Abbott et al., 2010; Wilson, 1987; Woodnorth & Nuss, 2009), the preferred 
treatment for CwVN (Allen et al., 1991; Connelly et al., 2009; Moran & Pentz, 1987; 
Signorelli et al., 2011). Thus, the current work sought to examine whether the presence of 
hyperfunctional voicing in children could be effectively measured with RFF. Detailed in 
Chapter 2, findings from the current work indicated that average RFF values did not 
differ between CwVN and CwTV. Although it is unlikely that CwVN do not use 
hyperfunctional voicing patterns, it is possible that the manner in which their voices are 
hyperfunctional is different from adults and not appropriately measured by average RFF 
values. However, differences were noted in the between-token variability of vocal offset 
cycle 10 (i.e., variability of fo for vocal offset cycle 10 across multiple utterances) 
between CwVN and CwTV. Specifically, CwVN exhibited reduced variability as 
compared to CwTV, suggesting that CwVN have decreased flexibility of the vocal 
mechanism. This concept of decreased flexibility has previously been explored with 
voice range profiles, with CwVN demonstrating reduced voice range profiles as 
compared to CwTV (Wuyts et al., 2003). Further work is needed to examine whether this 
reduced variability is due to the structural presence of vocal fold nodules, potential 
functional voice use difference in CwVN, or, likely, a combination of both structural and 




Further examination of RFF vocal offset cycle 10 values across all children indicated 
that, regardless of whether children had VFN, males had lower values as compared to 
females. The male larynx is undergoing larger changes  in overall size and weight as 
compared to the female larynx in the transition from childhood to adulthood (Kahane, 
1978); accordingly, the presence of these larger changes in the male structure may lead to 
periods of functional misuse as the child is adapting to his drastically changing larynx. 
This may also explain why male children have a higher incidence of vocal fold nodules 
compared to female children (Dobres et al., 1990; Shah et al., 2005). Functional changes, 
ascribed in part, to these differing structural trajectories have been evaluated in previous 
studies. Of note, Patel and colleagues (Patel et al., 2012) examined vocal fold vibration in 
children, observing that some male children exhibited an hourglass closure. The authors 
suggested that this closure pattern related to high impact stress phonatory patterns at the 
mid-membranous portion of the vocal folds where vocal fold nodules develop. 
Additionally, voice range profiles of female children have been shown to linearly 
increase throughout development, whereas male children have been shown to undergo a 
large and abrupt increase in their voice range profiles between 7 and 8 years of age. 
Authors suggest that this nonlinear change in male children may be related to structural 
changes occurring during that period of time that are not exhibited in female children 
(Wuyts et al., 2003). These studies add to this growing body of work regarding functional 
differences between male and female children, suggesting that males may have increased 
laryngeal tension during this period of time as compared to females.  




significant effect of age: Children under nine years of age showed decreased RFF values 
for vocal onset 1 as compared to older children, which consistent with previous studies 
examining the development of fo during vocal onset (Arenas et al., 2012; Ohde, 1985; 
Robb & Smith, 2002). This developmental pattern is also consistent with previous work 
detailing voice onset time measures decreasing in variability and increase in a 
differentiation of voiced and voiceless VOT times (Eguchi & Hirsh, 1969; Kent, 1976). 
Therefore, similar to VOT production maturation, laryngeal tension may also decrease as 
children become more adept at controlling their vocal motor system, resulting in an 
increase in vocal onset cycle 1 RFF values. 
 Vocal fo discrimination and vocal motor control 
Examination of the discrimination abilities of vocal fo was conducted in Chapter 3 to 
explore the maturation auditory discrimination abilities. CwVN and CwTV did not 
exhibit differences in auditory discrimination abilities, suggesting that the presence of 
vocal fold nodules is not likely related to an inability to perceive auditory differences in 
voice. Examination of CwTV revealed a significant effect of age, wherein younger 
children were not as skilled at differentiating vocal fo, resulting in poor discrimination 
abilities than older children and adults. Yet further evaluation of individual 
discrimination abilities revealed a less clear pattern with respect to development; in 
particular, some children across the age-span were able to discriminate vocal fo with 
adult-like abilities. This suggests that age itself is not the best differentiator of auditory 
discrimination abilities. Therefore, Chapter 4 provides a more detailed look at vocal 




 Children with larger JND values (i.e., more immature pitch discrimination 
abilities), showed significantly different patterns of vocal motor control than adults and 
children with adult-like discrimination abilities. Specifically, children with large JND 
values showed increased baseline within-token variability, as measured within a steady 
state sustained vowel production. Additionally, these same children also exhibited 
increased vocal response magnitudes to unexpected changes in auditory feedback of their 
own vocal pitch, yet many did not compensate for changes over time when changes were 
sustained. Interpreted within the structure of the DIVA model, these findings suggest that 
children with immature auditory discrimination abilities are likely to rely more heavily on 
auditory feedback to control voice, and are therefore not efficiently integrating their 
auditory feedback to update their responses for subsequent productions. Overall, the 
results presented in Chapter 4 suggest that children with immature discrimination abilities 
also present with immature vocal motor control. 
5.2 Vocal variability in school-age children 
This dissertation examined vocal variability in two ways: 1) between-token 
variability of vocal onset fo and 2) within-token variability of fo within a sustained vowel. 
Between-token variability was examined to provide insight on the fo produced at vocal 
onset of a vowel following a voiceless consonant. This fo is thought be related to 
laryngeal tension, laryngeal tension is necessary to prevent the vocal folds from vibrating 
during the voiceless consonant. At the onset of the vowel, this tension is released to allow 
the vocal folds to vibrate to produce the full vowel. The laryngeal tension that is active 




thereby contributing to the high fo noted in vocal onset cycle 1, with this tension 
decreasing as the vowel reaches steady state. According to the DIVA model, an 
individual with a mature vocal system would have little variability in the amount of 
laryngeal tension applied from one production to the next, since the motor movement 
necessary to stop and start vocal fold vibration would be well-learned. However, in the 
developing system, we would expect there to be increased variability, suggestive of 
continued motor development for the control of laryngeal tension during these laryngeal 
articulatory gestures. 
The second type of variability examined in the current work was within-token fo 
variability during production of a sustained vowel. Within-token variability provides 
information on laryngeal control and stability within a single production, wherein a 
production that is stable will result in reduced variability between vocal cycles. In the 
current work, within-token variability was shown to be significantly related to vocal 
responses to unexpected pitch-shifts. Specifically, individuals with increased within-
token variability produced larger vocal responses to unexpected pitch-shifts, suggesting 
that these individuals were closely monitoring their auditory feedback via heavily 
weighting the error correction signal produced by the auditory feedback controller. An 
alternate explanation for these results is that the individuals with larger vocal responses 
more heavily weighed on their auditory feedback because of an immature system; in 
other words, these individuals monitored their ongoing productions to a greater degree 
such that adjustments made to correct potential errors were delayed in relation to the 




Regardless of the causal direction of this relationship, however, within-token variability 
appears to be a metric of weighting of the auditory feedback controller. 
Since between-token and within-token variability of fo are thought to relate to 
laryngeal motor control and stability, we hypothesized that these two measures would be 
positively related. To examine this hypothesis, fifteen children (M = 8.9 years, range 6.6 
– 11.7 years; 9 male, 6 female) with typical voices who participated in the studies 
outlined in Chapter 2 and Chapter 4 were selected for examination. As hypothesized, 
between-token variability and within-token variability exhibited a positive relationship, 
depicted in Figure 5-1. Additionally, participants were distinguished by whether they had 
adult-like pitch discrimination abilities (JND-low) or had immature pitch discrimination 
abilities (JND-high). Children with immature pitch discrimination abilities (JND-high) 
not only had increased within-token fo variability, but also had increased between-token fo 
variability. Moreover, children with mature pitch discrimination abilities (JND-low) had 
relatively small within- and between- token variabilities. These preliminary findings 
suggest that both types of variability can provide insight into vocal motor control, with 





 A second preliminary evaluation was conducted to examine between-token 
variability and within-token variability in CwVN. Four participants included in the 
auditory discrimination study outlined in Chapter 3 were selected, as these individuals 
also had voice recordings that were taken during the same experimental recording session 
as the pitch discrimination task (Table 5-1).  
Table 5-1. Demographics of children with vocal fold nodules (CwVN) included in 
varability analysis. 





CwVN#1 Male 11.86 0.58 
CwVN#2 Male 9.01 1.16 
CwVN#3 Male 9.00 0.32 
CwVN#4 Male 11.94 0.32 
CwVN = children with vocal fold nodules 
 
Figure 5-1. Relationships between between-token variability and within-token variability 
for children with typical voices (circles) and children with vocal fold nodules (CwVN, 
asterisks). Children in the JND-high group are in pink and children in the JND-low 




From these voice recordings, RFF values were calculated on the CAPE-V sentences, 
allowing for a measures of between-token fo variability to be obtained. Additionally, all 
participants had three sustained vowel productions, from which a 200 ms portion was 
selected from the middle of the vowel to calculate within-token variability of fo. Results 
from these four participants are displayed in Figure 5-1. Statistical testing was not 
performed to compare differences in fo variability in CwVN and CwTV due to the low 
sample size; however, it can be noted that there are no obvious differences observed 
between CwVN and CwTV. Additionally, previous work examining within-token 
variability between CwVN and CwTV saw no statistically significant differences 
between two groups (Campisi et al., 2002; Campisi et al., 2000). Thus, we anticipate that 
examination of a larger group CwVN would result in similar findings, allowing us to 
extrapolate our findings from Chapter 4 with CwTV to CwVN. 
Within the analysis described in Chapter 4, within-token variability of fo in CwTV 
was found to be strongly correlated with vocal responses to unexpected pitch-shifts. 
Since between-token variability showed no significant group difference when examined 
in a large group of CwVN (see Chapter 2), and because we showed that within-token fo 
variability is related to between-token fo variability in children (Figure 5-1), we 
hypothesize that CwVN would exhibit a similar relationship between within-token 
variability and vocal response to unexpected feedback as was seen in CwTV. These 
theorized trends in fo variability would suggest that CwVN are likely not different from 
CwTV with regard to their reliance on auditory feedback.    




within-token variability of fo may be useful metric for understanding vocal motor control 
in CwVN. Specifically, within-token variability can be calculated from a sustained vowel 
using conventional analyses programs that are available in many clinics (e.g., KayPentax 
Computerized Speech Lab, Praat software). This is in contrast to between-token 
variability of fo in vocal onset, which requires the transition between a voiceless 
consonant and a vowel, as well as complex analyses that involve extensive training and 
subjective interpretations. Therefore, in-clinic measure of within-token variability can 
provide information on a child’s reliance on auditory feedback control and can help to 
guide therapeutic decisions. For example, if a child has a high weighting on auditory 
feedback, it may be beneficial to use masking noise to remove auditory input so that she 
cannot rely on auditory feedback to guide forthcoming productions. In this way, the 
clinician can encourage the child to temporarily ignore the immature reliance on auditory 
feedback and help the child learn to focus on how voicing feels, thereby using another 
sensory system to increase control of her vocal motor system. Moreover, since increased 
auditory feedback control reliance is related to poorer auditory discrimination abilities, 
within-token fo variability may also provide information pertinent to therapeutic 
interventions: If a child exhibits increased within-token variability, she may also have 
poorer auditory discrimination abilities, such that focusing extensively on making 
auditory discriminations of her own voice during therapy may not be effective. Yet, even 
though there is some evidence that auditory discrimination abilities can be trained in 
children to become more adult-like (Halliday et al., 2008), it is not known how this 




if focusing on auditory discrimination abilities during therapy reduces within-token 
variability, or whether it is more prudent for clinicians to simply be aware of the 
immature auditory discrimination and vocal motor system when working with some 
children.   
 
5.3 Case series: Children with fo discrimination values greater than experimental 
perturbation of one semitone 
Four children from Chapter 4 had pitch discrimination JND values larger than one 
semitone (ST). As experimental manipulations of heard vocal pitch were +1 ST, 
qualitative analyses of these children were conducted to provide additional information 
elucidating the link between production and perception of vocal fo. The characteristics for 
these four children and their just-noticeable-difference (JND) values are displayed in 
Table 5-2.   
Table 5-2. Participants with JND values greater than one semitone (ST) 





CwTV#1 Male 6.63 2.66 
CwTV#2 Female 8.63 1.20 
CwTV#3 Male 6.98 2.98 
CwTV#4 Female 7.70 1.57 
CwTV = children with typical voice 
 
Individual JND values for the four participants are depicted alongside the 
remaining participants in the JND-high group are shown in Figure 5-2. All four 
participants in this case series exhibited comparable baseline within-token vocal 




sustained pitch-shifts (sensorimotor adaptation (SA)) as compared to other participants in 
the JND-high group.  
 
Results from this case series address two previously open-ended questions 
regarding this dataset; in particular, it was unclear if the results of the study discussed in 
Chapter 4 were driven by these four participants whose discrimination abilities were 
larger than the pitch-shift, and moreover, if participants would respond to a pitch-shift 
that was below JND value. Children with fo JNDs than the pitch-shift during the 
Figure 5-2. Comparison between children in the JND-high group with JND values less than 




experimental manipulations were not qualitatively different in vocal responses when 
compared to other participants with immature discrimination abilities. This indicates that 
these four participants were not driving the group differences seen in vocal motor control 
as a function of fo discrimination. Additionally, this case series also indicates that 
children are able to respond to pitch-shifts below their vocal pitch discrimination ability; 
however, the study methodology has some limitations from conclusively stating that 
children can respond to pitch-shifts they cannot detect. The current study was examining 
discrimination abilities to vocal fo, but stimuli used were derived from the voice of a 
single individual instead of from the voice of individual participants. Thus, although the 
discrimination JNDs are more relatable to a child’s own fo than if pure tones were used, 
the resulting thresholds do not provide a comprehensive metric of a one’s discrimination 
abilities regarding pitch changes in their own voice.  
Previous work in adults has produced conflicting results with regard to the link 
between vocal pitch perception and production. Some studies showed that adults that are 
able to respond to pitch-shifts below their discrimination abilities  (Hafke-Dys, Preis, & 
Kaczmarek, 2013; Hafke, 2008#957; Wrzosek et al., 2013), suggesting discrimination 
abilities are not as closely linked. However, another study shown that adults are equally 
effective at responding to pitch-shifts above and below their discrimination thresholds 
(Scheerer & Jones, 2018a). Scheerer and Jones (Scheerer & Jones, 2018a) is the only 
known study that contained an online and offline perceptual judgement of pitch-shift 
detection, and moreover, it is the only study that has been able to compare these results 




pitch-shift after being presented with sustained vowels that were either pitch-shifted or 
unaltered. To further dissociate the motor action of responding to a pitch-shift and the 
perception of the pitch-shift, participants completed a similar perceptual task in which 
they made judgments on previously made recordings of their pitch-shift. Participants 
responded to a pitch-shift as small as 10 cents and were able to perceive a pitch-shift as 
small as 15 cents. The authors suggested that these results indicate that adults can both 
detect and compensate for small changes in fo, and that previous studies indicating a 
significant difference between what participants can detect and perceive may be 
attributable to other aspects about study design 
The perceptual paradigm employed in both Chapter 3 and Chapter 4 is similar to 
the work examining discrimination abilities to vocal pitch that is not produced by the 
participant (Hafke-Dys et al., 2013; Wrzosek et al., 2013). Hafke and colleagues (Hafke, 
2008#957) noted that when participants were asked to identify whether a pitch-shift 
occurred in their previous production, their perceptual threshold was 26 cents; yet, 
examination of the vocal responses indicated that a response was present for pitch-shifts 
as small as 10 cents. Additionally, follow-up studies examining participant responses to 
an external voice with modified fo levels demonstrated that adults had a perceptual 
thresholds around 26 cents (Hafke-Dys et al., 2013; Wrzosek et al., 2013). Based on these 
studies, the authors concluded that adults could produce a vocal response to a pitch-shift 
at a magnitude they could not overtly hear. 
It is important to note that these studies were conducted in adults, whose perceptual 




from the four children in the current case study who had immature pitch discrimination 
abilities. Yet based on these previous findings in adults, and the lack of a clear difference 
in the four children involved in the case series, we hypothesize that children can respond 
to pitch-shifts below their JND values. However, future work is needed to see if this 
hypothesis is true for a smaller pitch-shifts, as there may be a non-linear relationship 
between vocal response and discrimination abilities based on the magnitude of the pitch-
shift. Additionally, although these children had larger pitch discrimination abilities in the 
current study, these JNDs were an obtained via an evaluation of an external voice fo. 
Future work should examine whether passively listening to pre-recordings of one’s own 





Chapter 6. Appendix: Pitch Shifting with the Commercially Available Eventide 
Eclipse: Intended and Unintended Changes to the Speech Signal 
6.1 Abstract 
Purpose: This study details the intended and unintended consequences of pitch shifting 
with the commercially available Eventide Eclipse. 
Method: Ten vocally healthy participants (M = 22.0 years, 6 cisgender female, 4 
cisgender male) produced a sustained /ɑ/, creating an input signal. This input signal was 
processed in near-real time by the Eventide Eclipse to create an output signal that was 
either not shifted (0 cents), shifted +100 cents, or shifted -100 cents. Shifts occurred 
either throughout the entire vocalization or for a 200-ms period after vocal onset.  
Results: Input signals were compared to output signals to examine potential changes. 
Average pitch-shift magnitudes were within one cent of the intended pitch shift. 
Measured pitch-shift length for intended 200-ms shifts was between 5.9% - 21.7% less 
than expected, based on the portion of shift selected for measurement. The delay between 
input and output signals was an average of 11.1 ms. Trials shifted +100 cents had a 
longer delay than trials shifted -100 or 0 cents. The first two formants (F1, F2) shifted in 
the direction of the pitch shift, with F1 shifting 6.5% and F2 shifting 6.0%. 
Conclusions: The Eventide Eclipse is an accurate pitch-shifting hardware that can be 
used to explore voice and vocal motor control. The pitch-shifting algorithm shifts all 
frequencies, resulting in a subsequent change in F1 and F2 during pitch-shifted trials. 
Researchers using this device should be mindful of stimuli selection to avoid confusion 





Vocal motor control is often investigated by manipulating an individual’s vocal 
fundamental frequency (fo) in near real-time, thereby changing the perception of its pitch. 
In order to examine the vocal response to this manipulation, two experimental paradigms 
are frequently used. In the first type of experimental paradigm, the fo is altered after voice 
onset occurs, thereby auditorily presenting the speaker with a sudden and unexpected 
change in their pitch. This manipulation, often called a “pitch shift,” typically occurs at a 
variable point in time after voice onset, and it happens either one time (e.g., Burnett et al., 
1997; Jones & Munhall, 2002; Larson, Burnett, Kiran, & Hain, 2000) or multiple times 
(Burnett et al., 1998; Hain et al., 2000; Liu & Larson, 2007) during a single utterance. 
Responses to this type of experimental manipulation provide information on an 
individual’s ability to detect errors and send corrective commands to inform the 
utterances being produced. The mechanism driving these responses is often described as 
the feedback system (Burnett et al., 1998; Burnett et al., 1997). The second type of 
experimental paradigm predictably shifts the fo over time (Jones & Keough, 2008; Jones 
& Munhall, 2000). Responses to this often surreptitious shift in the perception of pitch 
provide information on the feedforward system, which allows an individual to produce 
fluent fo changes by relying on stored motor programs (e.g., Jones & Munhall, 2000; 
Keough, Hawco, & Jones, 2013; Scheerer et al., 2016b). This experimental paradigm is 
hypothesized to slowly change these stored motor programs over time, thereby allowing 
for evaluation of how an individual updates his or her feedforward system (Guenther, 





Experiments that use these two paradigms are typically evaluating one or more of 
the following aspects: direction, magnitude, or timing of the vocal response. The 
direction of the response may vary between individuals, as individuals may shift fo either 
1) in the opposite direction of the pitch shift, called an opposing response, 2) in the same 
direction of the pitch shift, called a following response, or 3) in no direction, by not 
shifting fo, called a null or non-response. Opposing responses may be a compensatory 
action, that is, a corrective response for an error noted in an individual’s own vocal 
production. The basis for following responses is not as well understood; although some 
suggest these same-direction responses may result from an individual perceiving the 
pitch-shifted production as an “external reference” rather than a shift in his or her own 
voice (Burnett et al., 1997; Hain et al., 2000; Liu & Larson, 2007). In addition to the 
direction of the response, the magnitude, timing, or variability of the response may 
provide information on aspects such as the stability, reliance, or maturity of the vocal 
motor control system (Scheerer & Jones, 2012; Scheerer et al., 2013).  
When designing experimental paradigms to examine vocal motor control, both the 
intended experimental manipulations and the unintended consequences of these 
manipulations can impact the results. The intended manipulations, set by the 
experimenter, include the magnitude and duration of the pitch shift. In addition, there can 
be unintended changes to the speech signal when performing a pitch shift. These include 
intensity changes accompanying a shift in pitch, formant frequency changes, and the 




speech signal. Therefore, it is essential to have a clear understanding of both the accuracy 
of the intended experimental manipulations, as well as the presence of any unintended 
consequences, as both can have significant effects on the interpretation of the data 
collected.  
The intended experimental manipulations of pitch-shift magnitude and pitch-shift 
length are known to affect the vocal response. Increased pitch-shift magnitude has been 
shown to result in increased response magnitude and decreased latency (Larson, Burnett, 
Bauer, Kiran, & Hain, 2001; Liu & Larson, 2007), as well as an increased number of 
following responses (Burnett et al., 1998). In regards to the length of the pitch shift, both 
the magnitude and the duration of the response have been shown to increase with a longer 
pitch-shift duration (Burnett et al., 1998; Kiran & Larson, 2001), whereas an increased 
number of following responses have been noted with a shorter shift duration (Kiran & 
Larson, 2001). Therefore, the accuracy of the magnitude and length of the pitch shift is 
necessary for clear interpretation of the vocal response. 
The unintended influences that pitch shifting may have on acoustic properties of a 
speech signal are also important to understand. The first variable to consider is sound 
pressure level (SPL), as the perception of pitch and loudness have been shown to be 
correlated (Gramming, Sundberg, Ternström, Leanderson, & Perkins, 1988). Specific to 
pitch-shift experiments, although the relative SPL level of the pitch shift may not affect 
the vocal response (Burnett et al., 1998), changes in SPL can elicit a vocal response on 
their own (Bauer, Mittal, Larson, & Hain, 2006; Hafke, 2009; Heinks-Maldonado & 




colleagues (2007) noted that different vocal responses in fo were present in paradigms in 
which both fo and SPL were manipulated compared to paradigms where solely fo was 
changed (Burnett et al., 1998), changes in SPL can elicit a vocal response on their own 
(Bauer et al., 2006; Hafke, 2009; Heinks-Maldonado & Houde, 2005; Larson et al., 2007; 
Liu et al., 2007). Larson and colleagues (2007) noted that different vocal responses in fo 
were present in paradigms in which both fo and SPL were manipulated compared to 
paradigms where solely fo was changed. They found that if both fo and SPL were 
increased, the vocal response magnitude was smaller than if only fo was increased, 
whereas the opposite effect was found if both fo and SPL were decreased. Furthermore, if 
fo and SPL were shifted in opposite directions, the overall vocal response magnitude 
decreased, latency increased, and the number of following responses increased. 
Therefore, although fo and SPL levels may be controlled independently, SPL differences 
may impact the vocal response during a pitch-shift experiment.  
The second variable to consider is the potential changes in formant frequencies, 
which may be related to the method of pitch shifting used. Although a substantial portion 
of the pitch shifting literature focuses on sustained vowels, pitch-shifting can also be 
performed at the word or phrase level – where a change in formants could change the 
perception of the stimuli. One method involves a pitch shift that isolates and only shifts 
the fo (often using a formant frequency correction). However, another popular method 
involves shifting the entire frequency spectrum. This method is both fast and less 
computationally intensive, as there is no need to identify and isolate the pitch in real time. 




together. As a result, understanding the degree that the shift affects the formants is 
necessary for later data interpretation. One study found that a 200 cent pitch-shift applied 
to the entire utterance resulted in positive correlations between changes in fo and changes 
in both the first formant (F1) and second formant (F2) frequencies (MacDonald & 
Munhall, 2012). Similarly, another study noted that during unexpected short duration 
shifts of 100 cents, F2 changes occurred in addition to changes in fo (Eckey & 
MacDonald, 2015). As F1 and F2 values define an individual’s vowel space 
(Hillenbrand, Getty, Clark, & Wheeler, 1995), a shift in these formant frequencies may 
result in a perceptual difference between the vocalized and perceived vowel. 
Researchers must also consider the potential impact the selected pitch-shifting 
equipment may have on the results of the experiment. If a researcher chooses to design a 
custom algorithm to shift pitch, a successful algorithm will need to be accurate, natural-
sounding, and reduce as much of the unintended consequences of pitch-shifting as 
possible. Another option is to use a commercially available hardware that already has 
algorithms designed to shift pitch. All hardware will have an inherent delay, which is 
required to first process the vocalization and then auditorily present the vocalization to 
the speaker. Moreover, additional processing time is needed to perform the pitch shift 
itself, increasing the delay between vocalization and the subsequent auditory presentation 
of that vocalization. This delay between vocalization and presentation is important to 
document, as a longer delay has been shown to result in changes such as an increased 
length of the vocal response (Hain, Burnett, Larson, & Kiran, 2001) and an increased 




nature of these experimental designs, a delay will always be present between vocalization 
and auditory presentation; therefore, it is essential to document the length of the delay in 
order to understand the potential impact on the vocal response. 
Although there are multiple commercially-available signal processing programs 
that could be used to perform pitch-shifting, a few devices are popular in current voice 
and vocal motor control research. Many researchers use Eventide hardware (Eventide 
Inc, Little Ferry, NJ), which shifts the entire frequency spectrum. This full-spectrum shift 
shifts the values and spacing of all harmonics, thus changing the perception of pitch. 
However, since the entire spectrum is shifted, it also shifts the associated vowel formants. 
These include the Eventide Eclipse model (e.g., Behroozmand et al., 2015; Chen, Liu, 
Jones, Huang, & Liu, 2010; Larson et al., 2008; Liu, Chen, Jones, Huang, & Liu, 2011) 
as well as the earlier Eventide H3000 series (e.g., Burnett et al., 1998; Hain et al., 2000; 
Jones & Munhall, 2005; Larson et al., 2000; Sivasankar, Bauer, Babu, & Larson, 2005). 
Another popular hardware used by researchers (e.g., Feng, Xiao, Yan, & Max, 2018; 
Hawco & Jones, 2010; Jones & Keough, 2008; Mollaei, Shiller, Baum, & Gracco, 2016; 
Tumber, Scheerer, & Jones, 2014; Zarate & Zatorre, 2008) is the Voice One, made by TC 
Helicon (TC Helicon, Victoria, Canada). The Voice One’s pitch-shifting algorithm 
includes formant correction, thereby avoiding issues related to unintended formant 
frequency changes during pitch-shifting tasks. Unfortunately, the Voice One has been 
discontinued and is now considered a “legacy” product of TC-Helicon, making both 
acquiring the hardware as well as finding support documents difficult. Another piece of 




Hubbard, Schmidt, & Loucks, 2015) is the Eventide H7600 (Eventide Inc, Little Ferry, 
NJ), which has algorithms that can also perform a formant-corrected pitch shift. The 
downside of using these algorithms, however, is that they are time-intensive. Performing 
a formant-corrected requires a minimum of 50 ms between the input and output signals 
(personal communication, Eclipse helpdesk, March 15, 2017). When using the Eventide 
H7600, researchers should consider the effect this delay may have on the interpretation of 
their data. Overall, there are benefits and drawbacks associated with the use of any 
hardware. None of the aforementioned pieces of hardware are optimized for research, but 
are instead targeted for wider use to allow vocal manipulations.  
Vocal motor control studies can provide essential insight into the vocal systems of 
individuals with both typical and impaired voices. In order to improve the interpretability 
of the data collected, it is important to detail the intended and unintended results of pitch 
shifting. Thus, the purpose of this article is two-fold. The first purpose is to present a 
transparent method of using the commercially available Eventide Eclipse hardware 
(Eventide Inc, Little Ferry, NJ) to shift the pitch in near real-time. Detailed methodology 
is presented, allowing researchers who have not conducted these studies to replicate the 
experimental setup. The second purpose is to clearly delineate all intended and 
unintended changes that occur during pitch shifting with the Eventide Eclipse hardware. 
By understanding the intended and unintended changes that occur to the speech signal, 
informed interpretations can be made concerning the effects of pitch-shifting on the vocal 






Participants were 10 adults (M = 22.0 years, SD = 2.7 years; 4 cisgender males, 6 
cisgender females), all of whom reported no prior history of voice, speech, language, or 
hearing disorder. Baseline fo for each participant was measured from 20 sustained /ɑ/ 
productions and ranged from 95.7 Hz to 254.3 Hz. All participants completed written 
consent in compliance with the Boston University Institutional Review Board. 
 Hardware and software 
 Hardware setup 
A schematic of the equipment setup is depicted in Figure 6-1. An input signal of a 
sustained /ɑ/ was produced by each a participant via a Shure WH20 microphone (Shure, 
Niles, IL, USA) sampled at 44.1 kHz with 16-bit resolution, which was then amplified 
with an RME Quadmic microphone amplifier (Audio AG, Haimhausen, Germany). The 
amplified signal was then split and simultaneously sent to two different locations. The 
first location was the input of the MOTU Ultralite mk3 hybrid soundcard (MOTU, 
Cambridge, MA, USA), thereby saving the amplified, but otherwise unaltered, input 
signal. The second location was the analog I/O input of the Eventide Eclipse hardware 
(Eventide Inc, Little Ferry, NJ, USA). In order to transmit MIDI commands from the 
computer to the Eventie Eclipse hardware, an M-Audio USB MIDI interface (M-AUDIO, 
Cumberland, RI, USA) was used. After the MIDI command was received, a pitch shift 
was then applied with the Eventide Eclipse hardware. The shifted output signal was then 




Philippines), further amplifying the signal to a previously calibrated value relative to the 
input signal. This final amplified signal was sent to a second input of the MOTU Ultralite 
mk3 hybrid to be saved.  
 
 Software  
The Eventide Eclipse was programmed to accept MIDI system exclusive 
commands, also known as MIDI SysEx messages (see details in the Eventide Eclipse 
settings section below). The experimental scripts and commands were written in 
MATLAB (MATLAB, 2016). Through MATLAB, a COM server was opened in order to 
allow communication with a windows program, MIDI-OX (O'Connell, 2011). MIDI-OX 
received the SysEx commands from MATLAB and subsequently sent them to control the 
Eventide Eclipse (see Supplementary material). For full details on using SysEx 
commands to perform key presses with an Eventide device, readers can refer to an 
Eventide Technical Note (Eventide, 2001).  
Figure 6-1. Schematic of equipment setup and signal flow for a recorded input signal (from 
a participant) and output signal (shifted by Eventide Eclipse). Indicated by the dotted lines 
is the place the output signal could be split and simultaneously sent to the participant’s 




 Frequency shift method 
The Eventide Eclipse device uses a proprietary algorithm to shift pitch. Briefly, 
based on the information disclosed in two publicly-available patents (Agnello, 1983, 
1984), the shift in frequency is accomplished by changing the sampling rate. By 
resampling at a higher sampling rate, the frequencies in the signal are increased; this, 
however, also decreases the duration of the signal. Inversely, by decreasing the sampling 
rate, the frequencies are decreased and the duration of the signal is increased. After 
resampling the signal, the differences in the time length of the signal need to be rectified. 
For decreases in pitch, the end of the signal is removed, thereby reducing the length of 
the signal. For increases in pitch, a portion of the signal must be repeated in order to 
resolve the timing differences. Details on how selection of a portion of the waveform is 
sliced and subsequently repeated can be found in patent US4464784A (Agnello, 1984). 
 Eventide Eclipse settings 
All Eventide Eclipse settings used during this study are provided in the 
supplementary material, both to provide transparency for this study, as well as to allow for 
replication of these settings by other researchers who may be interested in using this device. 
Menu items that can be found by selecting the SETUP or LEVEL buttons are typically 
applied before any digital signal processing. Additionally, these encompass what is referred 
to as “global’ changes, meaning they do not change with the programs that are selected 
further downstream. All user manuals, signal trees, program details, and all other relevant 
information on this hardware, can be found in Eventide Eclipse documents, located on their 




 Trial types and data extraction 
There are two trial types in the current experiment, hereafter called “long” and 
“short” trials, which differed in the manner that pitch was shifted. During both trial types, 
participants were prompted to produce an /ɑ/ for approximately three seconds; participants 
were not aware that there were different experimental manipulations being examined.  In 
long trials, the pitch-shift value was set prior to voicing and was held constant for the 
duration of the trial. Analysis during a long trial was conducted over the entire trial, 
resulting in an analysis period of approximately three seconds. During short trials, the 
pitch-shift value was set to 0 cents at voicing onset. Then, at a variable point after voicing 
onset, the pitch was shifted either +100 cents or -100 cents for a duration of 200 ms, before 
reverting back to 0 cents. There were two analysis periods defined in the output signal of 
these short duration trials (Figure 6-2). The first analysis portion was the length of the entire 
pitch-shift, defined as starting when the fo began deviating from the baseline and as ending 
when it returned to baseline. The second was the length of the time that the pitch-shift was 




For both the input and output signals, measures of fo (Hz), F1 (Hz), F2 (Hz), and SPL (dB) 
were extracted from each trial in Praat (Boersma & Weenink, 2014). Praat standard settings 
for pitch and formants4  were used for this initial data extraction and all values were 
subsequently imported into MATLAB. A custom MATLAB interface was created to 
display the waveforms and a spectrogram for each trial, with the fo, F1, and F2 displayed 
on the spectrogram. If either the fo, F1, F2, or SPL traces were irregular, didn’t match the 
spectrogram via visual inspection, or the average values calculated appeared aberrant, 
individual trials were examined manually in Praat, allowing for optimization of the pitch 
and formant settings for the specific trial in question. If a trained experimenter (E.H.M or 
A.A.L.) could not obtain a value for a given trial, it was removed from the analysis. Primary 
reasons for removal included either 1) experimenter error during acquisition, in which the 
“bypass” button was left on thereby preventing saving of the output signal or 2) unreliable 
analysis of the signal due to excessive glottalization or nasalization. The resulting analysis 
                                                                        
4 Pitch range (Hz): 75 – 500, Maximum formant (Hz): 5500, Number of formants: 5, Intensity view 
range (dB): 50 - 100 
Figure 6-2. Schematic of the output signal (solid line) during a +100 cent pitch shift. The full 




set included 85.1% of the initially acquired trials. All subsequent statistical analyses were 
conducted in Minitab (Minitab, 2012). 
The two intended experimental manipulations examined in this study were pitch-
shift magnitude and pitch-shift duration. Intended pitch-shift magnitudes were either 0, 
+100, or -100 cents, common pitch-shift magnitudes examined in the current literature 
(e.g., Jones & Munhall, 2000; Larson & Robin, 2016; Liu & Larson, 2007). The actual 
pitch-shift magnitudes in semitones (1 semitone = 100 cents) were determined by 
comparing the fo of the output signal relative to the fo of the input signal using Equation 
6-1. 
Equation 6-1 





    
Unintended consequences of the experimental manipulation were also examined. 
Delay, defined as the difference in start times of the input and output signals, was visually 
identified in the waveforms by a trained experimenter. Relative SPL differences between 
the input and output signals were calculated. Lastly, percent change in formant frequencies 
for the first and second formants (F1 and F2, respectively) were examined. Of note, for 
short duration trials, pitch-shift magnitudes, changes in SPL, and changes in formant 





 Pitch-shift magnitude accuracy (intended) 
The accuracy of the pitch-shift was defined as the absolute difference between the 
intended pitch shift and the actual fo difference (in cents) between the input and output 
signals. Average difference from the intended pitch shift to the measured pitch in the output 
signal was less than 1 cent for all trial types. Trials shifted +100 cents were 0.58 cents 
(Standard deviation (SD) = 0.62 cents) away from the intended pitch shift, while trials 
shifted -100 cents were an average of 0.41 (SD = 0.43 cents) cents away from the intended 
pitch shift. Differences between the intended pitch shift and the measured pitch shift for 
long and short trials were an average of 0.17 (SD = 0.34 cents) and 0.46 (SD = 0.49 cents), 
respectively.  
 Pitch-shift duration (intended) 
 For short duration trials shifted +100 and -100 cents, the length of the full pitch-
shift, as well as the steady-state portion of the pitch-shift, were measured. Two paired 
sample t-tests revealed that there were no significant differences in pitch-shift durations 
between trials that were shifted + 100 cents or -100 cents for both measurements of full-
length durations as well as measurements of steady-state portion (p > 0.05). Therefore, the 
shift directions were collapsed for further analysis. Full-length portions were measured to 
be an average of 188.2 ms in duration (SD = 37.3 ms), a 5.9% reduction from the 200 ms 
intended shift duration. The steady-state portion of the shift measured an average of 156.7 




 Delay (unintended) 
  The delay between the input and output signals, measured at vocal onset, was 
calculated for each trial. The average delay between input and output signals for all trials 
was 11.1 ms (SD = 7.5 ms). Results of a one-way repeated measures ANOVA on delay at 
vocal onset indicated that there was a statistically significant main effect of pitch-shift 
magnitude (0, +100, -100 cents) at vocal onset. Trials that were not shifted at vocal onset 
had an average of 10.3 ms (SD = 7.0 ms) delay between output. Trials shifted +100 cents 
had a 19.4 ms (SD = 9.1 ms) delay and trials shifted -100 cents had a 10.4 ms (SD = 5.6 
ms) delay 5 . Tukey Post hoc analyses indicated that trials shifted +100 cents had 
significantly longer delays than trials -100 cents (p < 0.05, corrected alpha level of 0.05). 
There was no significant difference between trials that were pitch-shifted -100 or trials that 
were not shifted (0 cents) at vocal onset (p > 0.05).  
 SPL changes (unintended) 
 Potential changes in SPL from input to output were examined. Two paired sample 
t-tests indicated there were no significant differences found when comparing SLP changes 
for +100 cents and -100 cents for either short or long trials. Therefore the pitch-shift 
directions were collapsed for further analysis to allow examination of “shifted long trials” 
and “shifted short trials.” A one-way repeated measures ANOVA examining the three 
different trial types, (not shifted, shifted long trials, shifted short trials) revealed there was 
                                                                        
5 As every short trial and half of the long trials were not shifted at vocal onset, there were more 
analyzable trials not shifted at vocal onset (n = 1612) than trials shifted -100 cents (n = 150) or  +100 




no statistically significant main effect of trial type on changes in SPL (p > 0.05), suggesting 
that SPL didn’t significantly change from input to output in the presence of a pitch shift. 
 Formant changes (unintended) 
Changes in F1 and F2 were calculated as the percent change in formant values from 
the input to the output signal. F1 and F2 both shifted in the direction of the pitch shift; that 
is, they increased for +100 cent pitch-shift and decreased for -100 cent pitch-shifts (Figure 
6-3). To analyze the absolute change in formants regardless of direction, the absolute value 
of the percent change for both F1 and F2 were calculated, and paired sample t-tests were 
performed. There were no significant differences in the absolute value of change of either 
F1 or F2 when comparing trials that were shifted +100 or -100 cents (p > 0.05). Collapsing 
across both pitch-shift directions, the average absolute value for percent change was 6.5% 
and 6.0%, for F1 and F2 respectively. 
 
Figure 6-3. Percent change in F1 and F2 in the 0 cent condition 
(black squares), as compared to the +100 cent (dark grey 






The Eventide Eclipse is a relatively easy-to-use hardware that researchers can use 
to perform pitch-shifting experiments. The magnitude of the pitch shift with this hardware 
was accurate, with average values measuring within one cent of the intended pitch shift. 
The accuracy of the pitch shift was significantly different between long and short trials, as 
well as between trials shifted +100 and -100 cents. These differences, however, may not 
be experimentally meaningful for many researchers, as all average values were within one 
cent of the intended pitch target. Pitch-shift duration had variable accuracy in this 
experiment. On average, trials were 5.7% and 21.6% shorter than the intended duration for 
the full length and the steady-state portions of the pitch-shift, respectively. Therefore, 
researchers who require more accuracy in pitch-shift length and are interested in using the 
Eventide Eclipse hardware should examine alternative methods for sending the MIDI 
commands to this device. Suggestions for additional testing include: utilizing different 
software to create and send SysEx commands, testing digital inputs rather than the analog 
inputs that were used in the current experiment, and examining different hardware for 
saving the input and output signals.  
Unintended consequences of pitch shifting with the Eventide Eclipse were also 
examined in this study. Differences in SPL between the input and output signals did not 
significantly differ among pitch-shift magnitudes of 0, +100, or -100 cents. Therefore, 
researchers who use the Eventide Eclipse device can be relatively confident that 
participants’ responses are not influenced by unintended changes in SPL caused by the 




both F1 and F2 followed the direction of the pitch shift. This was not an unexpected finding, 
as the pitch-shift algorithm used by the Eventide Eclipse shifts all of the frequencies that 
comprise the signal. Previous work has indicated that when fo and formants were shifted in 
opposite directions, intelligibility was reduced, whereas shifts in the same direction 
resulted in increased intelligibility (Assmann, Nearey, & Scott, 2002). If researchers are 
interested in examining changes in fo in the context of words or phrases, stimuli selection 
should carefully consider the result of the shift on F1 and F2 values. Specifically, 
perception of vowels can be defined in F1 and F2 space (e.g., Hillenbrand et al., 1995; 
Peterson & Barney, 1952) and therefore a shift in these values may result in a categorical 
shift in the perception of the vowel. Although vowels that have similar F1 and F2 values 
may be more likely to be confused with each other, previous work has indicated that 
listeners incorporate additional features, such as duration and formant movement, into their 
identification of vowels (Neel, 2008). Therefore, as these additional features will not 
change with the Eventide Eclipse shift, the perceptual magnitude of these shifts cannot be 
quantified without a careful directed study. Researchers specifically interested in large 
shifts in fo should note, however, that an experimental design resulting in F1 and F2 values 
not heard in natural speech may have additional perceptual consequences (Assmann & 
Nearey, 2008; Assmann et al., 2002).  Overall, when using the Eventide Eclipse to shift 
pitch, researchers may want to evaluate the measurable changes in the participants’ formant 
frequencies and how the relevant stimuli are perceived, depending on the research question 
and design.  




output signals. On average, the delay for all trial types was approximately 11 ms. At trial 
onset, trials that were pitch-shifted +100 cents had a significantly longer delay than trials 
that were not shifted or were shifted -100 cents. This is a logical finding given the 
information that can be inferred from patent number US4464784A (Agnello, 1984). It is 
likely that the computational load required to select and repeat a portion of the signal, 
necessary to rectify timing differences after an increase in pitch, is larger than the 
computational load required to select and delete a portion of the signal, as needed to rectify 
timing differences after a decrease in pitch.  
6.6 Conclusion 
The Eventide Eclipse is an accurate pitch-shifter that interested researchers can use 
to examine voice and vocal motor control. The average magnitude of the pitch shift was 
within one cent of the intended pitch shift for all trial types. The accuracy of the duration 
of the pitch shift was variable. If researchers are interested in explicitly examining the 
effect pitch-shift length has on the vocal response, further work should focus on optimizing 
the hardware and software configurations. No SPL differences were noted between trials 
that were or were not pitch-shifted. This suggests that participants will be unlikely to use 
SPL differences to detect the presence or absence of a pitch-shift. On average, delay times 
between the input and output signals were approximately 11 ms. Delay times for trials 
shifted +100 cents were longer than trials shifted 0 or -100 cents, most likely due to the 
timing correction needed after a pitch shift. Finally, the algorithm used to shift pitch with 
the Eventide Eclipse shifts all frequencies, thereby resulting in shifted formant frequencies. 




produced vowel by some individuals. Overall, this study demonstrates that the Eventide 
Eclipse hardware provides an accurate method for pitch-shifting vowels, thereby providing 
a means for examining voice and vocal motor control. 
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6.8 Supplementary material 
 Sending SysEx commands from MATLAB to control the Eventide Eclipse; relevant 
information from Eventide documentation (Eventide, 2001, 2015) 
Below is an outline of information that can be used to control the Eventide Eclipse from 
MATLAB using SysEx commands. This involves using the software, MIDI-OX, which 
can be opened via a COM server (i.e., hMI = actxserver('MIDIOX.MOXScript.1'). Each 
line of a SysEx string has 14 hexidecimal values. In this utilization, values in positions 1-
5 as well as 14 are the same in each instance of the string, while values in positions 6-13 
represent the data. The first value (‘F0’) indicates the start of the SysEx command. The 
second value (‘1C’) indicates the Eventide hardware. The third value (‘70’) indicates the 
specific model used. Of note, this value was ‘70’ at the time this manuscript was written; 
however, this value has the potential to change with future Eventide updates. The fourth 




SETUP/MIDI; it is important that the user makes sure these two numbers match. The fifth 
value (‘01’) indicates that the subsequent data will be a keypress method. The fourteenth 
value (‘F7’) indicates the end of the SysEx command.    
Values in positions 6-13 indicate the specific data sent to control the keypresses on the 
Eventide Eclipse. Below are a few examples of SysEx commands that were used in the 
current experiment. The values in positions 6-13 are bolded and the meaning of each value 
string is commented following the ‘%’ symbol. As these are keypress commands, if the 
user examined the front LCD panel of the Eventide Eclipse device as these commands were 
being sent, the screens would follow the same pattern as if the keys were being manually 
selected.  Description of all the settings used in the current study is displayed in Table 6-1. 
 
%Select the user defined pitch shifting program 
hMI.SendSysExString (['F0 1C 70 01 01 0F 07 0F 0F 0F 0F 0F 0F F7' ... %select ‘program’ button 
                                     'F0 1C 70 01 01 07 0F 0F 0F 0F 0F 0F 0F F7' ...%select ‘1’ (pitch shifting program*) 
                'F0 1C 70 01 01 0F 0F 0F 0F 0F 0F 0E 0F F7' ...%select ‘enter’ 
               'F0 1C 70 01 01 0F 0F 0F 0F 0F 0F 0F 0B F7' ...%select 4th soft key (loads program) 
                'F0 1C 70 01 01 0F 0F 0F 0B 0F 0F 0F 0F F7']); %select 2nd soft key (pitch 
option**) 
 
%Set the pitch to shift -100 cents 
hMI.SendSysExString (['F0 1C 70 01 01 0F 0F 0F 0F 0E 0F 0F 0F F7' ... %select ‘-‘ 
                            'F0 1C 70 01 01 07 0F 0F 0F 0F 0F 0F 0F F7' ... %select ‘1’ 
                               'F0 1C 70 01 01 0F 0F 0E 0F 0F 0F 0F 0F F7' ... % select ‘0’ 
                               'F0 1C 70 01 01 0F 0F 0E 0F 0F 0F 0F 0F F7' ... % select ‘0’ 
                               'F0 1C 70 01 01 0F 0F 0F 0F 0F 0F 0E 0F F7']); %select enter 
 
*Number of pitch shifting program was defined by the experimenter. See Appendix B for 
details. 
**Selecting the “pitch” option of the pitch shifting program at this stage allows the pitch 




Table 6-1. Description of all Eventide Eclipse settings used in the current study; 




Menu SubMenu(1)  SubMenu(2) Setting Notes 
General and MIDI Settings 
SETUP 
DIG-IN CLOCK -- 44.1kHz Sampling rate 




CHANNEL -- omni 
Accepts MIDI 
messages on any 
channel 
MIDIMODE 





One channel will 




will affect all 





pitch shift) to 0 at 
this point *note: 
this study will 
change pitch shift 
in PROGRAM 
rather than during 
SETUP. 
SYSEX 
SYS EXC 1 
Setting Device ID 
to 1 for SysEx 
commands 
SYSXSPD 10 




SEQ OUT off 
Not sending 
MIDI messages 
out to another 
port after 
receiving them 
CLK OUT off 
Not sending 





IN-GAIN -- -- 0.0 dB 
No gain applied 
by this device 
OUT GAIN -- -- 0.0 dB 
No gain applied 
by this device 
Wet/Dry 
Mix 
-- -- 100% 
Only the “wet” 
sound (the shifted 
output) will be 
sent out. No 
mixing with the 
participant’s 
original input. 
Program created for pitch shifting (edited from program 162, ST shifter) 
PROGRAM  






LEVEL -- -- 0 dB 
No gain applied 
by this device 
PITCH -- -- 0 cents 
No initial pitch 
shift applied 
during setup 





DELAY -- -- 0 ms 
No intentionally 
added delay from 
the device 
FBACK -- -- 0% 
Pitch-shift output 
is not reapplied to 
the input 
LOWNOTE -- -- C1 
The lowest 
frequency 
expected by the 
system is around 
65 Hz.  
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